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PREFACE 


♦ 


FIRE is the FIRST ISCCP Regional Experiment, a U.S. program formed in 1984 to increase our basic 
understanding of cirrus and marine stratocumulus cloud systems, to develop realistic parameterizations for 
these cloud systems, and to validate and improve ISCCP cloud parameters. The Science Meeting held in 
Vail, Colorado, July 11-15, 1988, highlighted presentations of results based on FIRE research activities 
focusing on these objectives over the first 4 years of FIRE. 

This Conference Publication contains the full text of the extended abstracts of papers presented at the 
FIRE Science Meeting. The presentations described important elements of the FIRE Intensive Field 
Observations (IFO), the Extended Time Observations (ETO), and modeling activities. Judging from the 
research results presented at the meeting, it is apparent that the FIRE science community has made 
significant progress in the analysis of the data collected at the 1986 Cirrus IFO, the 1987 Marine 
Stratocumulus IFO, and the ETO. 

In order to keep this volume to a manageable size and to encourage authors to complete their papers and 
submit them to refereed journals, summaries were restricted to a maximum of 5 pages. 

The managers of the sponsoring agencies wish to express their thanks and appreciation to the FIRE 
investigators, not only for their conscientious and skillful efforts in preparation for and displayed at this 
meeting, but also for their scientific enthusiasm and dedication that they have exhibited during the first 
4 years of FIRE. 

We are pleased to acknowledge the contributions of the session chairmen: Thomas P. Ackerman, 

Bruce A. Albrecht, Philip H. Austin, James A. Coakley, Jr., Stephen K. Cox, Andrew J. Heymsfield, 

Michael D. King, Stephen Nicholls, David A. Randall, Kenneth Sassen, David O'. C. Starr, and Bruce A. 
Wielicki. It is with grateful appreciation that we recognize the talents and efforts of Doris Stroup, STX, for 
the excellent logistics in planning, preparing, and conducting this meeting. Lastly, we would like to 
highlight the efforts of Gianna Karalfa, STX, for her excellent secretarial support in the preparation of this 
document. 
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ABSTRACT 

Synoptic Conditions Producing Cirrus 
During the FIRE Cirrus IFO 
by 

David O'C. Starr 

NASA Goddard Space Flight Center 
Greenbelt, Maryland 20771 

and 

Donald P. Wylie 

Space Science and Engineering Center 
University of Wisconsin 
Madison, Wisconsin 53706 


1. Introduction 

Although direct observations of cirrus clouds by the FIRE research aircraft were usually 
confined to the area of the IFO surface network (~1Q0 km in dimension), these cirrus were 
generally part of a more extensive (>.500 km) zone of upper level cloudiness. It is these large 
scale patterns of cirriform cloud and their relationship to the corresponding synoptic environment 
which are the prime focus of this paper. We present three conceptual models and classify each of 
the individual cases into one these categories. Although the cases manifest significant differences 
in intensity and small scale structure, we believe they are best viewed in this unified context. The 
descriptions given below are mostly qualitative, however, quantitative descriptions of the synoptic 
control and its relationship to cloud structure for all the IFO cases will be summarized during the 
presentation. A paper giving more detailed and quantitative information on each of the individual 
cases will be distributed. 

The synoptic situations in which extensive cirriform clouds were observed are classified 
into three basic types: 1) warm front cases, 2) cold front cases, and 3) closed low aloft cases. A 
simplified summary of each type of situation is presented in the following sections. Our 
terminology reflects our reliance on the standard upper air and surface analyses provided by the 
National Weather Service and our cognizance of classical notions of cyclone structure. However, 
satellite imagery (primarily from GOES) was indispensable in the development and application of 
our classification scheme. Our categories do have some precedence in the area of satellite image 
interpretation. The warm front class is always associated with an upper level short wave. Weldon 
(1976) uses the term "baroclinic leaf’ cirrus to describe situations resembling these cases, 
although, if there is significant development at the surface and middle levels, he uses the term 
"comma cloud" to describe the whole multilevel system . Our cold front cases correspond to 
Weldon’s "baroclinic zone" cirrus pattern. However, he applies this term to an even larger class of 
cases whose unifying feature is their correspondence in scale and location with planetary waves 
(Rossby-Haurwitz waves) . 

The three classes of extensive upper level cloud systems described here are not intended to 
be exclusive, but rather representative of situations encountered during the Fall 1986 field 
campaign. One obvious class not included is the "mesoscale anvil" cloud associated with 
mesoscale convective systems in tropical and extratropical regions. In fact, cumulonimbus, which 
often produce cirrus by injection of moisture and condensate into upper levels, did not occur within 



the IFO region during the experiment. However, weak cumulonimbus activity was observed in the 
upstream flow with some of the closed low aloft cases. 

2. WARM FRONT CIRRUS 

In the classic view, warm front cirrus are the harbingers of an approaching extratropical 
cyclone with its attendant deep cloud development and precipitation. The presence of cirrus is 
typically ascribed to gentle broadscale slope convection (upglide) along an elevated warm front as 
depicted in Figure 1. This is the picture given in numerous meteorological text books. However, 
it is our opinion that this may be a misleading interpretation of the actual situation as seen in the 
following description. 



Our view of warm front cirrus is that it is always associated with an upper level short wave 
as shown schematically in Figure 2a. Its preferred location is capping the short wave ridge with a 
relatively sharp northern boundary corresponding to the axis of the jet stream and a ragged 
southern boundary. Streaks or fingers of cirrus generally protrude downstream of the denser 
ridge-capping region and may teach nearly halfway to the preceding short wave trough. This 
leading edge of the cloud tends to contain convective cirrus, e.g., uncinus, spissatus and fibratus. 
Patches of cirrostratus may also be present. A denser cirrostratus overcast is typically found in the 
ridge-capping region where convective cells are often embedded within the larger cloud mass. 
Upstream of the ridge axis, patchy cirrostratus are typically found, though cirrostratus overcast is 
common. The cirrus here usually appear continuous with the ridge-capping cirrostratus. It should 
be noted that these clouds usually extend upstream of the surface warm front location often to the 
location of the surface cold front and its associated jet axis. The tops of the highest clouds within 
this pattern are usually at or not far below the tropopause. In Figure 2a, attention should be given 
to the correspondence or lack thereof, between the surface features and the corresponding cloud 
pattern with respect to the classic picture shown in Figure 1. 

Ahead of the ridge axis and surface warm front, multilayered development is quite 
common. Merging of individual upper level cirrostratus layers is often found near the ridge axis 
where the depth of the entire cloudy layer may reach more than 3 km. A separate lower layer of 
denser cirrostratus is found in cases when the surface cyclone is of more than minimal intensity. 
This middle level cloud layer often borders on being an altostratus cloud and typically exhibits 
moderate convective development originating near cloud base (~6 km). Though dominated by ice 





1000 to 2000 km 


Figure 2: Traveling Short Wave and Warm Front Cirrus Shield: 
(a) without middle level clouds ("baroclinic tear*) 
(b) with middle level clouds ("comma cloud"). 


processes, all three phases of water may be found in the vicinity of the cloud base. In weak 
cyclones, this layer does not develop appreciable vertical extent. However, when the cyclone is of 
moderate intensity, it may develop vertically through convective processes and actually merge with 
the high level clouds which grow downward through an ice precipitation process, i.e., a total depth 
of ~5 km. Development of the lower level cloud layer ceases with the passage of the warm front as 
illustrated in Figure 2b. 

We believe that this dense middle level cloud layer results from upglide along the warm 
front. It is found in the proper location and the tendency for convective instability to increase as 
the layer develops ahead of the surface front, is consistent with the classic notions. However, the 
high level cirrus appears to develop independently. The spatial pattern of this extended cloud area 
does not fit the classic notion. Although the cirrus uncinus and spissatus comprising the leading 
edge of this pattern are the first signs of an approaching disturbance, it does not appear that they 
are initiated or maintained by a frontal upglide process as is implied in the classic picture. Rather, 
this upper layer more likely results directly from the effects of the thermodynamic and dynamic 
structure of the upper level flow, e.g., ascent up the sloping isentropic surfaces of the ridge and 
possibly differential vertical temperature advection associated with die vertical structure of the jet 
leading to convective instability near the tropopause (i.e., uncinus). The development of the 
surface cyclone, which forces the development of the middle level cloud layer, is also dynamically 
coupled (independently) to the upper level disturbance. This picture is consistent with die notions 
given by Weldon (1976) where the upper level cloud corresponds to his "baroclinic leaf' cirrus 
(Fig. 2a) and the middle level clouds form part of the "comma" which is seen when there is 
significant surface development (Fig. 2b). We acknowledge that the cases we considered in 
developing the above model had weak to moderate development at the surface. This fact supports 
our contention since the upper level cirrus were observed with little apparent forcing from below. 
Furthermore, it is likely that this model also applies to situations of strong surface cyclones, 
though the separation between the upper layers and the middle layers are probably much less 
distinct in these cases. In this situation, the convective development of the middle level clouds 
(and also probably the low level clouds rooted in the boundary layer) leads to a physical connection 
between the layers and an appreciable vertical transport of water to upper levels, which results in 
an enhancement of the density (ice contents) and extent of the upper level clouds. 

Two of the FIRE Cirrus 1FO cases most clearly fit the pattern of warm front cirrus 
presented above: the 27-28 October and 2 November cases. In each case, a distinct upper 
level short wave ridge moved from west to east through the IFO region superimposed on a pattern 



of weak (20 m/s) and generally zonal upper level flow along the US-Canadian border. A surface 
cyclone with its attendant warm and cold fronts formed in the Montana area and also propagated 
eastward. Though the surface fronts were well-defined, the cyclone did not intensify appreciably, 
i.e., no widespread precipitation developed. Upper level cirrus (—9-11 km) were observed below 
the tropopause in advance of the warm front and also after its passage. The "baroclinic leaf" 
pattern, which passed directly over the IFO area, was not filled in with a dense cinostratus 
overcast. However, the zone where cirrus were present did define a region whose outline was 
similar to that show in Figure 2a. The high level cirrus were mixture of uncinus, spissatus and 
patchy cirrostratus. Alto/cirrostratus were intermittently observed between about 4 and 7 km prior 
to the passage of the warm front at the surface. On the 28 th, they were visible in GOES imagery 
through the high cirrus layer and the trailing edge of this cloud layer clearly paralleled the surface 
warm front. An underlying layer of very scattered shallow cumulus was also present on each day. 

Three other cases also fit the warm front cirrus pattern: the 15, 19 and 30 October 
cases. Unlike the previously described cases, the large-scale flow was from the northwest on the 
15th. Wisconsin was situated between a ridge over the Canadian Rockies and a trough to the east 
(axis on a line from eastern Michigan to Louisiana) of a high amplitude long wave pattern. An 
extensive cirrus shield capped a well-defined short wave ridge that was moving to the southeast. A 
weak but clearly defined surface cyclone and associated warm front were moving toward 
Wisconsin from the northwest, i.e., central Canada. No middle level clouds were observed in 
Wisconsin, though some may have developed to the north in Canada. Stratocumulus were 
prevalent as cold air behind a recently passed cold front was modified. With respect to the pattern 
depicted in Figure 2a, the major differences in this case were the orientation of the ridge axis 
(WSW-ENE) and the breadth of the cirrus shield along the ridge axis relative to its length along the 
flow, i.e., greater along the axis than along the flow. It should also be noted that the entire system 
of relatively dense cirrus moved by mostly to the northeast of the IFO region, i.e., only the ragged 
southern portion (between the warm and cold fronts of the cyclone that was centered roughly under 
the ridge axis) of the pattern presented in Figure 2a was actually sampled. Tenuous convective 
cirrus, often aligned in bands, were observed near the tropopause (~1 1 km) and extended down to 
the 9 km level. 

On 19 October, a region of cirrus developed rapidly near the Minnesota-North Dakota 
border. It did not clearly have the shape of the "baroclinic leaf' nor was a short wave ridge clearly 
evident. However, this may have been a result of distortions imposed by a strong closed low 
system centered over eastern Nevada. The cloud development was rapid and did seem to 
correspond with the passage of a weak and poorly defined short wave ridge that emanated from the 
closed low system - actually, when this feature was superimposed on the relatively stationary exit 
region ridge feature of the closed low circulation (see Section 4). At the surface, a weak front was 
advancing from the west. Though analyzed as a cold front extending from a low pressure center in 
central Canada to a developing cyclone in southeast Utah, it is evident only as a distinct line of 
changing wind direction at the surface (SE to NW) with little or no temperature or moisture 
contrast. The cirrus developed rapidly in both areal and vertical extent in advance of this front. 
Multiple layers, chaotically arranged, were observed from ~1 1 -7 km. However, two distinct 
generating levels were evident at ~10 and ~8 km, respectively. The entire system propagated 
rapidly to the ESE and passed over the IFO area during the evening. 

Initially, the 30 October case closely resembled the 27-28 October and 2 November cases, 
i.e., an extensive zone of cirrus capping an eastward moving short wave ridge. However, the 
major portion of the cloud shield was west of the IFO region. Only the "protruding fingers" region 
of the leading edge was actually sampled. These cirrus bands were composed of convective cirrus 
cells as shown by Sassen at al. (1988). Cloud tops were just below the tropopause (~1 1.5 km) 
and each band showed progressively greater vertical development, i.e., base heights lowering from 
~10.5 to below 8 km. On the 30th, two low pressure centers moved toward Wisconsin from 
Montana, each with a cold front trailing to the southwest. During the evening, these systems 



merged and intensified in northeast North Dakota. A warm front formed and the entire system 
rapidly swept to the ENE through Wisconsin producing widespread light precipitation at the 
surface during the night. By morning, the upper level short wave had moved well to the northeast 
of the IFO region and the capping cloud shield had evolved from the "leaf' shape to the "comma" 
shape. The trailing cold fronts joined and stretched from the intensifying system in die southwest 
US to southeast Canada. 

3. COLD FRONT CIRRUS 

Cold front cirrus were one of the most extensive cirrus cloud patterns observed during 
FIRE. Though only observed in the IFO region during the two-day period of 31 October and 1 
November, this pattern could be found somewhere in the northern hemispheric region viewed by 
GOES on most days during the IFO. Typically, a channel of nearly contiguous cirrus extends 
from a long wave trough axis northeastward to the preceding ridge (Fig. 3), which is also capped 
by cirrus much as seen for the traveling short waves (described above) though of much greater 
horizontal extent. The length of this cloud system is more than 3000 km while the width is ~500 
km. The northern edge of the cloud mass is quite distinct while the southern edge is diffuse in 
appearance. The northern edge corresponds to the axis of the polar (or midlatitude) jet stream 
which overlies a similarly extensive air mass boundary. The large scale cirrus system is most 
developed when the long wave is of moderate or greater amplitude. Typically, this occurs when 
the contrast between the underlying air masses is high and the jet stream is correspondingly strong, 
which has led to the use of the term "baroclinic zone" cirrus for these situations. Viewed from a 
large scale perspective, the air mass boundary is a cold front since it tends to progressively sink to 
the southeast as the long wave slowly propagates eastward. Thus, our choice of the terminology 
"cold front" cirrus. Distinct banded structures are often evident in the upper level clouds where the 
bands are aligned roughly parallel to the jet axis as described by Conover (I960) who termed these 
clouds "jet stream" cirrus. Cirrus formation occurs at multiple levels within the system where a 
strong tendency for development of a convective layer near the tropopause appears prevalent 
Traveling short waves with their associated warm front cirrus ("baroclinic leaf") patterns may 
move rapidly through the large scale baroclinic channel with the respective upper level cloud 
patterns being superimposed. These traveling disturbances may trigger development at lower 
levels and evolve to the "comma cloud" pattern associated with a mature extratropical cyclone by 
the time they near the long wave ridge axis. 
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Figure 3: Planetary Wave and Cold Front Cirrus. 



On the 31st, the cold front and jet axis were initially to the north of the IFO region. Cirrus, 
comprising the diffuse southern half of the channel, were observed at the tropopause (~13 km) and 
at other levels extending down to nearly 7 km. Altostratus were observed between 4 and 7 km 
with a stratocumulus undercast below. Cloud conditions were broken to patchy at middle and 
upper levels with banded structure often evident in the high level cirrus. Wind speeds exceeding 
50 m/s were encountered in the upper troposphere. The entire system drifted slowly to the east 
(front moving to the southeast). [Showers along the front restricted aircraft operations on the 1st, 
however, the surface lidar at Wausau did sample very thin and high cirrus overhanging the distinct 
northern boundary. On the 2nd, the system had passed to the south and east. However, the ER-2 
overflew some of this system early in the day over Illinois.] A remarkable upper level dry zone 
(parallel and north of the jet axis) - dramatically seen on the GOES water vapor channel imagery - 
separated this system from the warm front cirrus system which evolved on die 2nd. An important 
factor in this case which apparently led to appreciable enhancement of cirrus within the large scale 
baroclinic channel was the disturbance which developed to the east of the intense closed low at the 
base of the long wave trough in the southwest US. This feature appeared to "pump" moisture into 
upper levels. In should also be noted that a "baroclinic leaf' rapidly propagated through the 
channel on the 1st. There was no associated surface cyclone development though showers along 
the cold front may have been enhanced. The associated short wave was not well-defined in the 
height pattern, which is often the case when superimposed on such an intense large scale feature. 

4. Closed Low Cirrus: 

Upper level closed lows generated the most areally extensive cirrus shields observed during 
the Cirrus IFO. Though lacking the length scale of the linear cold front cirrus systems described 
above, these systems are equally or more extensive by virtue of their oval shape as depicted 
schematically in Figure 4. The actual shape assumed by the cirrus cloud shield does appear 
sensitive to the specific relationship between the closed low flow pattern and the larger scale flow 
environment, i.e., the whole pattern - clouds and/or flow - may be rotated and/or distorted. Closed 
lows represent disturbed conditions and tend to be rather stationary for an extended period of time. 
However, when the pattern does eventually open up, it generally moves rapidly and is quickly 
absorbed into the larger scale flow. As shown in Figure 4, the cloud mass is located on the eastern 
(downstream) side of the closed low but may also extend back into the central and southern 
regions. This was particularly evident when very short waves, evident primarily in the GOES 
water vapor channel imagery, propagated through the system. High level cimis (near the 
tropopause) are typically found capping the stationary exit region ridge and extending downstream 
from there. These clouds appear to result directly from the upper level structure of the flow much 
as described for the warm front cirrus. There may not be clouds underlying the northernmost 
portion of these high cirrus. However, there may be extensive middle level (cirrostratus and 
altostratus) and low level clouds. East of the center of the closed low circulation aloft, extensive 
lower level cirrostratus and altostratus cloud decks, low level clouds and precipitation are prevalent 
over a wide region. In addition to the nimbostratus, there may also be embedded deep convection, 
i.e., cumulonimbus. Precipitation is generally widespread and of light to moderate intensity. 

Often the surface feature associated with the closed low aloft system are not well defined. 
Typically, there is a relatively stationary surface trough under the axis of the upper level trough 
feature. In addition, one or more slow moving or stationary fronts may often be found extending 
to the east under the main mass of vertically developed clouds and precipitation. However, these 
features are generally indistinct with respect to thermal gradient and wind shift and their analysis 
often reties more on persistence of previous features than present surface conditions. This is 
probably a consequence of their stationarity and the cumulative effects of widespread precipitation 
around the frontal boundary in the absence of any strong homogenetic forcing from above, i.e., 
the upper level flow is usually weak. The disturbed region typically exhibits southerly flow over a 
rather deep layer. North of the stationary weak surface front(s), precipitation is stratiform in 
character though mesoscale regions of embedded convection may be present. The middle level 



altostratus and cirrostratus in this region appear to be associated with a frontal upglide process, 
i.e., the fronts may be better defined aloft than at the surface. To the south, deep convection is 
more prevalent and apparently injects moisture into middle and upper levels. 



Figure 4: Cloud Pattern for Closed Low Aloft 

Two closed low systems were observed during the IFO: the first was the 13 October 
case. The second system dominated the synoptic situation over the most of the central US from the 
Rockies to the Ohio Valley from 21-26 October. On the 13th, the center of the closed low 
contours were located in western Iowa. The IFO region was in the center of the disturbed region 
on the backside of a cyclone centered just north of Lake Huron. A cirrus shield was present to the 
north with tops generally at about 9 km and bases extending down to about 7 km. As the 
disturbance drifted toward the northeast, cirrus tops lowered to about 8 km and the layer became 
more broken. An extensive broken to overcast altostratus deck was present between 3 and 4 km 
over a low level stratocumulus layer (~1 km). There were scattered showers over the region. This 
system was short lived as the pattern, which had formed the previous evening, opened up and 
moved off on the morning of the 14th. 

Hie second system was very extensive and long-lived. Missions were flown on each day 
except the 23rd when rain precluded aircraft operations. Closed height contours at the level of the 
jet stream were first observed over Nevada on the 18th. By the 0000 GMT on the 20th, the closed 
circulation had become largely cutoff from the planetary scale pattern and was centered over Utah. 
The system drifted slowly to the ENE over northern Colorado into southwest Nebraska over the 
next 72 hours. Over the next 48 hours, it continued to drift eastward but during this time the 
pattern opened up and appeared ready to move more rapidly and rejoin the large scale westerly 
flow to the north. However, during the night of the 24th, the closed circulation was again 
established and was centered over southwest Iowa and northeast Kansas. The system then slowly 
drifted eastward toward and into Illinois before the wave pattern Finally opened up and moved 
rapidly off during the night of the 26th. 




On the 21st, a long (~1000 km), narrow (~50-100 km) band of high cirrus forming the 
leading edge of this system was observed by aircraft over central Iowa. We are calling this the 
"hydrodynamic band" case. This feature was evident in satellite imagery from the 20th to the 22nd 
and, since our attention was drawn to it, we have observed that it is a common feature of situations 
like this. We hope to present results of a detailed analysis of this case in the near future. The band 
was composed of cinostratus with embedded convection. Cloud top was at about 12 km and the 
base generally was above 10.5 km. Distinct waves were observed at cloud top (-0.5 km 
amplitude) in the ER-2 lidar images for one of the overpasses. Distinct thin cinostratus layers 
were often found near cloud top. 

On the 22nd, a high cinostratus deck was observed in the vicinity of the exit region ridge. 
Cirrus were present in a layer from near the tropopause at about 12.5 km ( thin layers) down to 
below 7 km. Generation was apparent at a number of levels with embedded uncinus cells whose 
tops were variously at ~12 km, 10.5 km and 8.5-10 Ion. A layer of convective clouds with bases 
at about 6 km (altostratus/altocumulus/cinostratus) was below. This middle level cloud deck 
developed with some convective cells apparently reaching to the 10 km level. It is our feeling that 
the middle level cloud layer resulted from a frontal upglide process, i.e., southerly flow over an 
elevated frontal surface sloping up from die south - an east- west stationary front was analyzed 
through northern Illinois the previous evening but had been dropped from the analysis by the 
22nd. However, we believe that the upper level cirrus resulted independently from the upper level 
flow features. In particular, there is qualitative evidence that differential (in die vertical) horizontal 
temperature advection maintained the instability reflected in the convective character of the high 
cirrus in this case (We hope to be able to quantify this). On the 23rd, the situation in Wisconsin 
became quite disturbed with widespread precipitation which precluded flight operations. On the 
24th, a very similar situation (to the 22nd) occurred. However, the cirrus were generally less 
dense and less convective. Low level clouds generated light showers over the region. Middle 
level clouds were mostly absent, except for a scattered layer at about 4 km. 

On the 25th and 26th, widespread precipitation over the region greatly restricted operations. 
However, missions were flown to the northern part of the IFO area where conditions were less 
severe. These cases were characterized by a high level cinostratus layer between -10 and 1 1 km, a 
secondary patchy layer between -8.5 and 9.5 km, and a well-developkl middle level cloud layer 
between about 5.5 km and 8 km. By the 26th, the IFO region, was under the entrance ridge region 
of the closed low. This area and the center of the closed low had each become cloud filled as was 
the entire area to the east. 
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This paper is a summary of the cirrus cloud climatology of Wylie and Menzel (1988) and 
some ancillary studies of cirrus clouds that have been made using the same data set. The Wylie 
and Menzel climatology is a unique data set of cloud statistics extracted from the GOES/VAS 
satellite. With these data we can describe the geographical distributions of clouds, there seasonal 
changes, some diurnal changes, and also what atmospheric conditions cause the clouds. 

The GOES/VAS cloud analysis algorithm separates cloud cover on the satellite imagery into 
two classes; 1) those clouds that are opaque to terrestrial radiation, and 2) those that are semi- 
transparent to the upwelling infrared radiation. The technique identifies the semi-transparent 
clouds using the multi-spectral channels of the GOES VISSR Atmospheric Sounder (VAS). Some 
of these channels are sensitive to different levels in the atmosphere. Ideally, a low altitude cloud 
can not be seen by a channel sensitive only to the upper atmosphere while a high altitude cloud will 
be seen on all channels. The strength of the cloud signature from the cloud free background varies 
between the channels because each is sensitive to a different level in the troposphere. This method 
has also been called the "CO2 Slicing Method" (Menzel et al., 1983) because VAS channels are 
capable of viewing only "slices" of the troposphere. 

The differential sensitivity of the VAS channels allows the radiative transfer equation to be 
solved for the cloud top height independently from the emissivity of the cloud. This allows a 
segregation of clouds on the GOES/VAS image into opaque clouds and partially transmissive 
clouds which are called cirrus by Wylie and Menzel (1988). In reality, cirrus clouds are more 
correctly defined as ice clouds some of which are thick enough to be opaque to terrestrial radiation. 
A large number are sufficiently thin to upwelling terrestrial radiation. The thin clouds are very 
important to studies of the radiative heating of the earth because they allow solar radiation to 
penetrate through while partially blocking some of the upwelling infrared radiation. In this paper 
we use the term "cirrus" to mean only the thin and semi-transparent clouds. 

Cirrus clouds are more frequent than previously estimated. They are found over the 
Continental United States and bordering oceans from 25 to 35 % of the time. Opaque clouds were 
found ~ 45% of the time and no clouds (clear skies) were found ~ 25% of the time. 

Opaque cloud cover has large geographical variations while cirrus do not (see Figures 1 
and 2). The "Sun Belt" where opaque clouds are infrequent and clear skies are frequently found, 
are obvious in the geographical summaries (Figures 1 and 2). They are found in southern Texas 
and Mexico during the winter and over most of the southwestern United States, Texas, New 
Mexico, Arizona, and California, in the summer. 

Cirrus clouds, on the other hand, have very small geographical variances. They were 
slightly less frequent in the southwest than the rest of the United States. The only area where few 
cirrus were found was in the Eastern Pacific Ocean. Here a large seasonal change also can be seen 
because of the northward migration of the Subtropical High in the summer. 

The seasonal changes over the area shown in Figures l and 2 are summarized in Table 1. 
The geographical bounds of this study are 25° to 50° north latitude and 60° to 140° west 
longitude. The probability of finding both opaque and cirrus clouds increases in the winter. In the 
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summer the average probability of opaque clouds is 42% which increases to 46% in the winter. 
Cirrus clouds increased by a similar amount from a probability of 24% in the summer to 29% in 
the winter. The probability of clear skies correspondingly decreases from summer to winter, 34% 
to 25%. 

TABLE 1: THE PROBABILITY OF CLOUDS 

Season Cirrus OpaflUS Cigar sky 

Summer 24% 42% 34% 

Winter 29% 46% 25% 

To seek answers to the question of "why are the cirrus clouds present?" the GOES/VAS 
cloud reports were compared to atmospheric dynamic and thermodynamic conditions which are 
suspected to cause clouds. To cause cirrus clouds, the upper troposphere has to be rising which 
can lead to saturation.. Moistening of upper layers also can lead to saturation which will cause 
cirrus generation. This can happen by a number of mechanisms. Cumulonimbus convection 
obviously is one mechanism which comes to mind because the large cirrus anvil clouds seen on top 
of the cumulonimbus clouds. 

To determine what fraction of the cirrus clouds are related to the cumulonimbus convection, 
we counted the percentage of cirrus reports near radar echoes using the echoes as indicators of the 
presence of the cumulonimbus clouds. The radar summary from the National Weather Service was 
used for locating the radar echoes (Figure 3). The radar summary is a pictorial summary of all 
echo reports from all weather radars in the United States. Regions where echoes are reported are 
shaded on these summaries along with numeric information on the maximum heights of the echoes 
and their speeds and directions of movement. 

The echo summary areas were extended to allow for cirrus blow off from the 
cumulonimbus. The extended boundary (solid line) was drawn from 50 to 300 km outward from 
the echo summary boundary. The extended boundary was placed 100 to 300 km downwind of the 
echo boundary. The distance was apportioned using the 300 mb wind speed allowing for 
advection over three hours. On the cross wind and upwind sides of the echo boundary, the 
extended boundary was placed ~50 km from the echo boundary to allow for lateral spreading of the 
cirrus anvil. 

The GOES/VAS cirrus analyses at 00:00 GMT and 12:00 GMT were used in this study. 
The extended echo boundaries for all NWS radar summaries in the time period three hours prior to 
the GOES/VAS analysis were used to define the extended boundary. This study was performed in 
two seasons. The month of June 1986 was chosen to represent a summer season and January 
1988 to represent a winter season. 

Die cirrus reports were separated into either being close to the radar echoes (inside the 
boundary) or away from any echoes (outside of the boundary). The same separation also was 
made for all cloud reports (cirrus and opaque) of high cloud above 500 mb. The results are given 
in Table 2. 

In the summer approximately one-half of the cirrus and high cloud (both cirrus and opaque 
cloud) reports were close to or over radar echoes (52 to 57%). The other half were far away from 
the echoes (48 to 43%). This statistic implies that Cb convection only explains one half of the 
cirrus in the summer. 

In the winter a different picture was found. Only 22% of the cirrus and 24% of the high 
cloud reports were near the radar echoes. The other 76 to 78% were separated from the echoes. 
The amount of area covered by radar echoes decreased in the winter while the number of cirrus and 
opaque cloud reports increased. Thus in winter, most of the cirrus have no relation to Cb clouds. 
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The cirrus not directly caused by Cb clouds must be created and maintained by other 
motions in the atmosphere. We are currently examining vorticity and temperature advection for 
their relationships to cirrus and high clouds. The polar and sub-tropical jet streams also will be 
examined. 


TABLE 2: THE PROBABILITY OF FINDING CLOUD OBSERVATIONS WITH 
RESPECT TO RADAR ECHOES. 


Tvpe of Cloud 

Nearer 
Over Echoes. 

Not Related 
to Echoes 

Cirrus in summer 

52% 

48% 

Cirrus in winter 

22% 

78% 

All clouds <500 mb in summer 

57% 

43% 

All clouds <500 mb in winter 

24% 

76% 

October 86 (FIRE IFO) Cirrus 

32% 

68% 

October 86 (FIRE IFO) All clouds 

34% 

66% 
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PROBABILITY OF CIRRUS IN WINTER 

Figure I: Probability of finding cirrus clouds in summer (June- August) and winter (December- 
February). Two winters and summers were averaged together. 
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PROBABILITY OF OPAQUE CLOUD IN SUMMER 






National Weather Service Radar Echo Summary 



Cirrus Cloud Analysis 


Figure 3: An example of a National Weather Service Radar Echo Summary used of defining 
locations of cumulonimbus clouds. The extended boundary of probable cirrus anvil is defined by 
the thick line. 
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The ISCCP analysis of cloud conditions during and in the vicinity of the FIRE 
Cirrus and Marine Stratus IFOs is presented in two forms: (1) the standard climatology 
product, which is averaged to a nominal 250 km resolution and (2) a pixel-by-pixel 
version that samples the original data at about 30 km spacing every three hours. 
These results are based on NOAA-9 and GOES-6 images covering October-November 
1986 and July 1987 for the FIRE Extended Area. Comparisons of these results with 
other FIRE observations will serve to check the accuracy of the clear sky radiances 
inferred by the ISCCP analysis, which determine the accuracy of the cloud detections. 
Of more interest is the exploration of the dependence of the inferred cloud properties 
on the data resolution. Comparison to the higher resolution FIRE observations allows 
for direct evaluation of the role of small scale variability of cloud properties on the 
radiation field. This is illustrated by preliminary results obtained for the scales 
contained in the ISCCP data. The ISCCP analysis also sets the larger scale context of 
the FIRE data: ( 1 ) comparisons of the clouds occurring in the FIRE IFOs with nearby 
locations and times will be presented and (2) comparisons of the cloud conditions for 
the same months in other years will be shown. 
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We have analyzed surface weather observations of clouds to obtain a 
global cloud climatology (Warren et al, 1986; 1988). The form of the synoptic 
weather code limits the types of cloud information which are available from 
these reports. Comparison of surface weather reports with instrumental 
observations during the FIRE field experiments can help to clarify the 
operational definitions which we have had to make in our climatology 
because of the nature of the synoptic code. The long-term climatology from 
surface weather observations can also be useful background for planning the 
location and timing of intensive field experiments. 

1. Wisconsin cirrus experiment 

As shown in Figure 2 of Warren et al (1985), cirrus occurs alone more 
often over the continents than over the ocean, and more often in winter than 
in summer. It was therefore appropriate to plan the field experiment for 
autumn in Wisconsin, and cases of cirrus-alone were indeed encountered. 

Comparison of surface weather observations with the observations from 
aircraft and lidar may be used to estimate the minimum optical thickness 
that ground observers can detect. We collected the observations from surface 
observing stations made during the intensive field program Gctober-November 
1986. There are four stations in the area, but only two (Madison and Green 
Bay) include cloud type information in their weather reports. The observations 
are listed in Table 1 and summarized in Tables 2 and 3. 

Based on the reports in which the presence or absence of cirrus could be 
ascertained, the frequency of occurrence of cirrus during the field experiment 
was 42% at Madison and 37% at Green Bay. Table 2 shows that cirrus was 
reported to be present alone in the weather observations from 22 October, 

27-28 October, 31 October, and 1-3 November (after converting from GMT 
to local time), both at Madison and Green Bay. These are the same days that 
were chosen for intensive case-studies of cirrus in the field experiment. 

Three of these four cases were immediately preceded by reports of "clear sky 11 . 
When the quantitative lidar results become available, we will therefore 
be able to determine at what optical thickness the cirrus was first detectable 
by the weather observers, as the cloud thickened from subvisible to visible. 



Yablc 1. Cloud reports for Madison (station number 7 26 A 1 ) and Green Bay 
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Table 2. Analysis of cloud observations for cirrus at Madison and Green Bay, 
13 October - 3 November 1986. Symbols are defined in Table 4. 
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Table 3* Summary of cirrus reports for Madison and Green Bay, 13 October- 
3 November 1986, Symbols are defined in Table 4. 

Number of reports 

Madison Green Bay 


Total 

87 

88 

o 

II 

Z 

18 

17 

CH ** * 

37 

36 

Cirrus present 

21 

19 

Cirrus alone 

14 

8 

Cirrus absent, other clouds present 

11 

16 


21 



2. San Nicolas Island stratocumulus experiment 


Our proposed contribution to this experiment w§5 in support of the 
long-term monitoring study by remote- sensing instruments located on 
San Nicolas. Island (SNI), which was begun during the intensive field 
program but ,$ continuing after it. Our proposed work was to evaluate the 
extent to which the island could Influence the cloud patterns directly 
above, with the possibility that the measurements might not be repre- 
sentative of the surrounding ocean. 

We acquired ship observations for the area from the California coast 
to the open ocean beyond SNI and analyzed them. We also obtained the 
weather observations from the station at the airport on the island. This 
station stopped making routine reports in 1986. Unfortunately, the island 
observations were made only in the Airways Code, whereas the ship reports 
were made only in the Synoptic Code. This precluded a comparison of the 
island station with the ships for cloud types, but a comparison of total 
cloud cover was possible. 

This particular analysis turned out not to be useful because the site 
of the remote-sensing instruments, on the windward (northwest) tip of the 
island, experiences cloud conditions very similar to the ocean upwind 
and quite different from the airport (S. Cox, personal communication). 

Ship observations show a strong increase in annual average cloud 
cover from land to ocean. The gradient Is largest along the coast but 
is still evident out to 130°W (as much as 1000 km off shore). SNI is 
approximately 100 km from the shore and the gradients in this region can 
be locally quite large. Figure 1 shows an analysis of only a restricted 
set of these observations; the cloud reports from ships and land stations 
made during the time of the intensive field study. 
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Table 4. Symbols used in the tables 


A 

cirrus present alone 

N 

total cloud cover code 

CH 

high cloud type code 

NH 

low or middle cloud amount code 

CL 

low cloud type code 

STA 

station identification code 

CM 

middle cloud type code 

WLON 

west longitude 

DY 

day 

WW 

present weather code 

1IRZ 

hour GMT 

Y 

cirrus absent but other clouds present 

LAT 

latitude 

YR 

year 

MN 

month 

* 

not reported 
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Recent cirrus cloud modeling studies (Starr and Cox, 1985} Starr, 1986) 
have involved the application of a time-dependent, two-dimensional Eulerian 
model, with generalized cloud microphysical parameterizations drawn from experi- 
mental findings. Employed in the model are a grid resolution of 100 m and a 
time step of 30 s. For computing the ice-versus-vapor phase changes (at 3 - min 
intervals), the Ice ma3S content is linked to the maintenance of a relative 
humidity with respect to ice (RHI) of 105$; ice growth occurs both with regard 
to the introduction of new particles and the growth of existing particles. To 
initiate Ice particle formation in regions devoid of ice particles, a RHI of 
120$ is required. In a simplified cloud model designed to investigate the basic 
role of various physical processes in the growth and maintenance of cirrus 
clouds, these parametric relations are Justifiable. 

In comparison, the one-dimensional cloud microphysical model recently 
applied to evaluating the nucleatlon and growth of ice crystals in cirrus 
clouds (Sassen and Dodd, 1988) explicitly treated populations of haze and cloud 
droplets, and ice crystals within a 200 m height domain above cloud base, using 
0.25-s time steps and specified updraft velocities. The model findings were 
used to infer a cloud droplet homogeneous freezing rate in compliance with 
aircraft and ground-based polarization Ildar observations. Moreover, implica- 
tions for ice particle formation outside the limited height domain of the model 
were suggested by the findings. 

Although these two modeling approaches are clearly incompatible, the goal 
of the present numerical study is to develop a parametric treatment of new ice 
particle generation, on the basis of detailed microphysical model findings, for 
incorporation into improved cirrus growth models. For example, we can determine 
the relation between temperature and the relative humidity required to generate 
ice crystals from ammonium sulfate haze droplets, whose probability of freezing 
.through the homogeneous nucleatlon mode are a combined function of time and 
droplet molality, volume, and temperature. Within cirrus clouds at temperatures 
colder than about -37 # C, homogeneous drop freezing will most likely result from 
a decrease in molality as the droplet equilibrium size increases in response to 
increasing relative humidity, which can be caused by either enhanced updraft 
velocities or a decrease in water vapor competition effects (from ice crystal 
fallout). Molality dominates the haze droplet freezing process as a consequence 
of the very strong dependence of the freezing rate on drop temperature, which is 
modified by the freezing point depression as a function of drop molality. The 



adjustment of haze droplets to new equilibrium sizes in an accelerating parcel 
occurs very rapidly. 

As an example of this approach, in Fig. 1 we present the results of cloud 
microphysical simulations showing the rather narrow domain in the temperature/ 
humidity field where new ice crystals can be generated. The three solid curves 
(a,b,c) represent the conditions under which equilibrium haze droplets of 
ammonium sulfate (with CCN masses and radii given in the figure caption) have an 
even chance of freezing homogeneously within typical cirrus growth model time 
steps — the relation P f (0,60) - 0.5 is the probability that one-half of the 
equilibrium droplets will freeze within a 60-s time interval. The area beneath 
the three curves represents a reservoir of stable haze droplets; the curves 
themselves are both a sink for haze droplets and a source of ice crystals; and 
the area above the curves becomes, in effect, a forbidden domain of temperature 
and humidity. The boundary defined by the curves has the same significance as 
the 100$ relative humidity barrier, which is rarely exceeded by more than a few 
percent in atmospheric clouds, that must be overcome to form clouds at tempera- 
tures warmer than about -37°C. 

When viewed in this manner, it is clear that much higher ice supersatura- 
tions than recent modeling efforts have employed are required to produce ice 
crystals within the homogeneous nucleation temperature domain. We note, 
however, that the RHI » 150$ value indicated in Fig. 1 for new ice particle 
generation is similar to that derived from cirrus uncinus studies by Heymsfield 
(1975) for populations of ammonium sulfate droplets. Ice particle nucleation 
within cirrus will be modulated by vapor competition effects from existing ice 
particles such that, as the relative humidity Increases, the growth of the haze 
droplets that freeze first ( i.e. , the largest droplets) inhibits further nuclea- 
tions from the remaining reservoir of haze droplets (formed from smaller CCN 
masses). Hence, depending on the CCN concentrations and size spectra, depletion 
of the largest haze particles present would, over time, require gradually 
increasing relative humidities in order to generate new ice crystals, as shown 
in Fig. 1 by the intersection of an isotherm with curves c through a. 

These microphysical simulations point out the need for detailed CCN 
studies at cirrus altitudes and haze droplet measurements within cirrus clouds, 
but also suggest that a relatively simple treatment of ice particle generation, 
which includes cloud chemistry, can be incorporated into cirrus cloud growth 
models. 
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P f (0,60) - 0.5 
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Fig. 1 A schematic representation of the temperature dependency in relative 
humidity values (with respect to water) needed to nucleate new ice 
crystals from the homogeneous freezing of haze droplets. The three 
curves are for ammonium sulfate cloud. condensation nuclei (CCN) masses 
and radii of a) 10“ ,H g and 0.11 pm; p) 10“ l * g and 0.2*1 pm; and c) 
10’** g and 0.51 pm. The dashed curves give relative humidities with 
respect to ice (RHI). The homogeneous freezing r^te derived by Sassen 
and Dodd (1988) and a constant pressure of 300 mb have been used in the 
calculations. 
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1. Introduction 

One of the main goals of the First ISCCP regional experiment (FIRE) as stated in the original research plan 
— ‘is obtaining the basic knowledge to better interpret satellite images of clouds on regional and smaller scales*. 
In this paper an analysis of a mesoscale circulation phenomenon as observed in hourly FIRE satellite images is 
presented. Specifically* the phenomenon of interest appeared on satellite images as a group of propagating cloud 
wavelets located on the edge of a cirrus canopy on the ant icy Ionic side of a strong, upper-level subtropical jet. 
These wavelets, which were observed between 1300 and 2200 GMT 25 February 1987, are seen most distinctly in 
the GOES- West infrared satellite picture at 1800 GMT (Fig. 1). The purpose of this paper is to document that 
these wavelets were a manifestation of asymmetric inertial instability . (In this context, asymmetric means that 
the unstable perturbations exhibit structure in the direction of the basic state flow). During their lifetime, the 
wavelets were located over the North American synoptic sounding network, so that the meteorological conditions 
surrounding their occurrence could be examined (Section 2). A particular emphasis of the analysis in Section 
2 is on the jet streak in which the wavelets were imbedded. The characteristics of the wavelets are examined 
in Section 3 using hourly satellite imagery. In Section 4 we examine the hypothesis that inertial instability 
is the dynamical mechanism responsible for generating the observed cloud wavelets. To further substantiate 
this contention, the observed characteristics of the wavelets are compared to, and found to be consistent with, 
a theoretical model of inertial instability by Stevens and Ciesielski (1986; hereafter referred to as SC). .Our 
conclusions are summarised in Section 5. 

2. Meteorological conditions 

The meteorological conditions associated with the evolution of the cloud wavelets shown in Fig. 1 were 
investigated over the western two-thirds of the United States using conventional sounding data. Due to the 
paucity of these observations only the gross features of the upper-level flow field have been captured in our 
analysis. This problem is compounded even further by missing data which occurred in the vicinity of the jet 
stream probably due to radiosonde tracking problems. 

On February 23, 1987, a vigorous winter storm system began affecting the western United States. By the 
24th, the system was nearly occluded with an intense surface low centered over Nevada. The upper level features 
were dominated by a large, positively tilted trough which extended from Saskatchewan, Canada into a cutoff 
low centered over Nevada. Over the next few days the system weakened, but began to reorganize and intensify 
over New Mexico early on the 26th as an upper-level short wave propagating through the trough moved into a 
position favorable for support of the surface wave. 

The upper-level jet stream in which the wavelets were imbedded is of particular interest to this study. Fig. 
2 (left-hand panel) shows the wind speed analysis at 250 mb for 1200 GMT 25 February. At this time the jet 
core had maximum winds of 100 ms” 1 and was centered around 250 mb; below this level vertical shears of 40 
ms" 1 (100 mb)” 1 were present. South of the jet axis, horizontal shears were 10 ms" 1 ( 100 km)” 1 . It is in 
this region of strong anticyclonic shear that the cloud wavelets were observed. In the 12 hour period following 
1200 GMT 25 February the maximum intensity of the jet remained approximately constant (Fig 2, right-hand 
panel), however the horizontal wind shear on the anticyclonic side of the jet core reduced significantly to 7 ms’ 1 
(100 km)” 1 . 

S. Characteristics of the cloud wavelets 

The predominant large-scale features in the satellite image of Fig. 1 are the cloudiness associated with 
the surface low over New Mexico and the broad shield of mainly high and middle-level clouds extending from 
southwest of Mexico to over the central states. This latter feature, which is often referred to as a ‘baroclinic 
cloud leaf, is associated with a rising, moist airstream within the subtropical jet. Weldon (1979) has noted 
that the sharp western boundary of the upper tropospheric cloud leaf often coincides closely with a wind speed 
maximum or with a zone of strong winds. 

In the satellite images prior to 1300 GMT, the western edge of the cloud leaf was relatively sharp and 
unperturbed. At 1300 GMT the cloud leaf over Baja, California showed the first evidence of being perturbed. 
During the next three hours two distinct wavelets grew over this region and propagated northeastward parallel 


29 


PRECEDING PAGE BL ANK NOT FILMED 



to the jet core axis until they appear to dissipate around 1700 GMT. Contemporary, with the dissipation of 
these wavelets a second group began to form near the U.S.-Mexican border. By 1800 GMT three cloud wavelets 
are observed. These wavelets propagated in a similar fashion to those described above and can be tracked until 
they dissipated around 2200 GMT; no wavelets could be identified after this time. 

By creating a loop of hourly satellite images for the 25th, we were able to track the position of individual 
wavelets from one hour to the next. Fig. 3 shows the hourly positions of one of these wavelets superimposed 
with the locations of the jet axis. Fig. 3 also depicts the orientation and size of the wavelet during its life cycle. 
The general shape of the wavelets was that of an ellipse with its major axis oriented parallel to the jet axis. 
The life cycle of these wavelets appeared to have a growth stage (~ 1 hour), a mature stage (2-3 hours) and a 
decay stage (~ 1 hour) in which their identification becomes increasingly difficult. During their mature stage 
the wavelets varied in size from 200-250 km (along their major axis) and 65-100 km (along their minor axis). 
In addition, it appears that the wavelets moved parallel to the jet axis, in groups of two or three, and at a 
distance about 50 km to its anticyclonic side. In their mature stage the average distance between the centers of 
adjacent wavelets was ~ 400 km. Using this scale as the wavelength (£ x ) of the wavelets and noting that their 
average speed of propagation (c) was ~ 80 ms" 1 , we arrive at a period (X*/c) for the wavelets of 1.4 hours. The 
brightness temperature in the interior of the cloud canopy ranged from -44 to -52 °C. Based on these values and 
the observed temperatures from soundings taken in the vicinity of these clouds, it appears that the wavelets 
and cloud leaf were composed of ice particles with cloud tops around 250 mb. 

4. Dynamical mechanism for perturbed flow 

Although several dynamical mechanisms (gravity waves, harotropic instability and inertial instability) could 
be hypothesized as the cause for the perturbed flow described above, the following discussion examines the most 
likely one, that is, inertial instability. 

In the general case of flow with horizontal and vertical shear, a necessary condition for inertial instability 
is fP < 0 somewhere in the fluid where P is the potential vorticity and / the Coriolis parameter. Figs. 4 
(left-hand panel) shows the analysis of potential vorticity for three layers between 200 and 400 mbs at 1200 
GMT on the 25th. Due to the large number of missing and bad wind observations in the vicinity of the jet, 
we elected to use the geostrophic wind in the evaluation of P. Height data, which is used in the computation 
of geostrophic wind, had much better spatial coverage than winds for the times under consideration. The key 
feature in the analysis of potential vorticity on the 25th is a region of negative potential vorticity over New 
Mexico extending southwestward to over Baja, California. The region of negative P is evident in all three layers 
but is most pronounced above 300 mb where the anticyclonic shear associated with the jet streak was strongest. 
An alternate view of the potential vorticity analyses is presented in Fig. 5 which shows its relationship to the 
geostrophic wind in a cross-section through the jet. At the time of this analysis, the core of the jet streak 
and the associated region of large negative P were located several hundred kilometers upstream of where this 
cross-section was taken. The ‘X* in Fig. 5 shows the observed location of the wavelets at 1800 GMT. From 
the analyses presented in Figs. 4 and 5, we conclude that the condition for inertial instability was satisfied in 
the region and over the time frame that the wavelets existed. A second area of weak negative potential vorticity 
is evident over southeastern Texas; however, its existence is questionable due to our lack of confidence in the 
geostrophic winds over this area. 

The only significant change in the potential vorticity analysis at 0000 GMT on the 26th (Fig. 4, right-hand 
panel) is that the area of negative P directly to the an ticy Ionic side of the jet streak, which on the 26th was 
positioned over Kansas, no longer existed. This suggests that the mechanism responsible for generating the 
wavelets also resulted in the elimination of the region of negative P. 

Since inertial instability appears to be a reasonable explanation for the appearance of the wavelets, we 
now compare their characteristics (as discussed in Section 3) with theoretical estimates for asymmetric inertial 
instability from SC. For a Bickley jet of 75 ms" 1 and a half-width of 3° at latitude 45° N, SC found that 
asymmetric perturbations would propagate at ~ 45 ms" 1 with respect to the ground (or 30 ms*" 1 slower than 
the maximum wind). The observed wavelets propagated at an average speed of 80 ms" 1 (or 25 ms" 1 slower 
than the maximum wind). Using SC's estimates of growth rate for asymmetric perturbations in the present case 
results in an unstable e-folding time scale of 5.4 hours; the wavelets life cycle was between 4-5 hours. Finally, 
SC estimated that the length scale of the asymmetric perturbations in the direction of the jet axis (L x / 2?r) is 
comparable to the width of the unstable region. For the observed wavelets this length scale is ~ 70 km whereas 
the width of the region with P < 0 varied between 100-200 km in the 250-300 mb layer. Although we have no 
means of estimating the vertical depth of the perturbed flow from the observed data, SC found that asymmetric 
modes of instability are preferred over the symmetric one for vertical scales greater than 3 km. 



5. Concluding remarks 

From the analyses in the previous sections we hypothesise the following scenario of events. At 1200 GMT 
on the February 25th a strong jet streak imbedded within the subtropical jet current was observed over Baja, 
California. South of the jet streak was an area of negative potential vorticity associated with the strong 
antkylonic shear in this region. During the next twelve hours this jet streak moved along the front aide of a 
deep uppeMevel trough over the western U.S. at an average speed of ~ 25 ms" 1 . During this period asymmetric 
inertial instability developed in response to the negative potential vorticity. This instability was manifested in 
a series of mesoscale cloud wavelets which formed along the western edge of a cirrus canopy. These wavelets, 
which were observed in satellite images between 1300 GMT and 2200 GMT on the 25th, propagated parallel 
to the jet core at an average speed of 80 ms" 1 . These unstable perturbations acted to mix the flow thereby 
reducing the horizontal shears until the region of negative potential vorticity was eliminated. 

This paper has presented the hypothesis that the wave disturbances observed in the satellite pictures of 
25 February 1987 were excited by inertial instability. The characteristics of the cloud wavelets tend to support 
this hypothesis through comparison between observations and the theoretical estimates of SC. Analysis of the 
potential vorticity fields has been used to provide further evidence of a dynamical source of the instability. 
The observations represent a positive verification of the theoretical and numerical prediction of asymmetric 
instability in SC. 

One might reasonably question the relationship between these observations and the extensive work of 
Emanuel and collaborators (e.g. t Emanuel, 1979; Emanuel, 1982). In these papers Emanuel treated neutral 
waves which manifested a balance between the destabilising influence of vertical shear and stabilising Newtonian 
dissipation. Perturbations with structure along the direction of the parallel jet were not considered. By contrast, 
the instability treated here results primarily from the horizontal shear. Nevertheless, the effect of the instability 
is similar to that assumed in more recent Emanuel papers, that is, regardless of the particular structural 
characteristics of the perturbations, inertial instability serves to mix the potential vorticity, thereby causing the 
modified flow to have non-negative potential vorticity. 

Our ability to describe the detailed characteristics of the instability presented in this paper has been 
limited by the sparseness of direct observations. These deficiencies in the observational data base have left us 
with many interesting, but unanswered questions, (e.g., What is the vertical scale of the perturbed flow? Are 
the instabilities characterized by vertical motion?) The moat direct way to answer these and other relevant 
questions would he with an intensive field observational program such as FIRE Cirrus IFO (Starr, 1987). An 
alternate approach, which we are currently pursuing, is to model these instabilities. To our knowledge, explicit 
calculation of inertial instabilities in a two-dimension ally sheared basic state has not been accomplished. 

Finally, it may be noted that initial analyses in numerical models may contain regions of negative potential 
vorticity and spurious rapid growth of unstable perturbations. One approach, already suggested by Dunkerton 
(1983) for equatorial shear, is to increase the numerical dissipation in order to eliminate the instability. Perhaps a 
more representative initialisation procedure would include an inertial adjustment step in which fP was required 
to be non-negative at every point in the domain. 
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Figure 1. GOES- West infrared satellite image for 1800 GMT, 25 February 1987 showing mesoscale cloud 
wavelets over New Mexico. 
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Figure 2. 250 mb wind speed analysis (ms~ l ) at interval of 10 ms" 1 for 1200 GMT, 25 February 1987 (left-hand 
panel) and 0000 GMT, 26 February (right-hand panel). Wind reports are from synoptic sounding 
network. Location of sounding stations is indicated by *4-*; this symbol plotted without associated 
wind barb indicates that the wind data was missing. The jet stream axis is shown with a heavy solid 
arrow and wind speeds greater that 80 ms“ l are stippled. Dotted line shows projection for cross 
section in Fig. 5. 


Figure 3. Hourly positions and shape of a single cloud wavelet inferred from satellite images. Numbers plotted 
by wavelet indicate the time (GMT) at which that position was observed. Also shown here are the 
positions of the jet stream axis at 1200 GMT, 25 February, 1987 (dashed line) and at 0000 GMT, 26 
February, 1987 (solid line). 
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Figure 4. Analysis of potential vorticity (m 2 KKg“ , « w| ) at 1200 GMT, 25 February 1987 (left-hand panel) 
and 0000 GMT, 26 February 1987 (right-hand panel) for the layers 200-250 mb (top), 250-300 mb 
(middle) and 300-400 mb (bottom). Values in figure have been multiplied by 10 fl . 


Figure 5. Cross-section analysis of geostrophic wind speed (ms' 1 , heavy dashed lines) at intervals of 10 ms” 1 
and potential temperature (K, thin solid lines) at intervals of 5 K along dotted line in Fig. 2 for 
1200 GMT, 25 February 1987. Plotted wind barbs show observed wind (ms” 1 ) for comparison to 
geostrophic wind speed. Analysis of potential vorticity (m 2 KKg” 1 s” I f heavy solid line for positive 
values at intervals of 10® and dotted lines for negative values at intervals of 10 5 ). Position of wavelets 
at 1800 GMT on the 25th are denoted with an *X*. Rawinsonde soundings are from San Diego, 
California (MYF), Thcson, Ariiona (TUS), El Paso, Texas (ELP), Del Rio, Texas (DRT), Victoria, 
Texas (VCT). 
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Extended Abstract for Oral and Poster Presentation 


The NASA Climate Data System (NCOS) at Goddard Space Flight Center is 
serving as the FIRE Central Archive, providing a centralized data holding and data 
cataloging service for the FIRE project. NCOS members are carrying out their 
responsibilities by holding all reduced observations and data analysis products 
submitted by individual principal investigators (Pis) in the agreed upon format, by 
holding all satellite data sets required for FIRE, by providing copies of any of these 
data sets to FIRE investigators, and by producing and updating a catalog with 
information about the FIRE holdings. 

FIRE researchers were requested to provide their reduced data sets in the 
Standard Data Format (SDF) to the FIRE Central Archive. This standard format is 
proving to be of value among FSET members who share their data. An improved 
Standard Data Format (SDF) document is now available. There are no format 
changes - only improvements in clarity. The document provides an example from 
an actual FIRE SDF data set and clearly states the guidelines for formatting data in 
SDF. Researchers may refer to these instructions to create an SDF tape header or 
utilize the interactive GOFIRE program which exists on the NCOS "sample" SDF 
tape. Several data producers have used GOFIRE successfully to produce FIRE 
tape headers. 

NCOS has received sample Standard Data Format (SDF) tapes from a number 
of investigators. These tapes have been analyzed and comments provided to the 
producers. These comments primarily consisted of compatibility and efficiency 
suggestions for the final product. Several investigators have delivered their 
complete reduced data set in "final" form to the NCOS. An NCDS programmer has 
completed software to inventory SDF tapes, and these tapes will be inventoried as 
they are received. By checking the NCDS Inventory Subsystem, FIRE Pis can 
immediately determine which data sets are available. NCDS will make copies of 
these tapes available to any FIRE PI on request. In addition, software has been 
completed to automatically convert the SDF data to the Common Data Format 
(CDF). In CDF, these data can be previewed, accessed, or browsed using the tools 
provided by the NCDS DATA MANIPULATION and GRAPHICS Subsystems. 
The staff at NCDS has been preparing for the arrival of more SDF data sets. 
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One product which is now available is William J. Syrett’s sodar data product 
from the Marine Stratocumulus Intensive Field Observation. These data were 
automatically ingested into the NCOS, and the GRAPHICS Subsystem was used to 
produce the displayed plot Verification of the NCOS's interpretation of Syrett's 
SDF data was possible by comparing this plot with a similar one contained in his 
publication - Hourly Wind, Potential Temperature and Richardson Humber Profiles 
at San Nicolas Island During Project FIRE, FIRE Technical Report No. 2. 
Other interpretation checks are done by comparing data to those listed in the 
producer's test file. 

Sample plots from all SDF tapes submitted to the archive will be available to 
FSET members. NCOS currently restricts access to data products in the FIRE 
Central Archive to researchers associated with the FIRE project. At a later time - 
when these data are to be released to the public by the Principal Investigators - 
NCDS will transition these data to public access and provide its usual data services. 
This should remove some burden on the producers in meeting their research 
obligations. 

Members of the NCDS staff are continuing to archive FIRE satellite tapes for 
distribution to FIRE Science Team members. Extensive holdings of AVHRR 
GAC, LAC, and HRPT; TOVS HIRS, MSU, and SSU; and GOES VISSR data are 
available to FIRE researchers. Limited LANDSAT scenes are also available. 
NCDS will provide listings of available products. Investigators can also 
interactively check NCDS’s on-line inventory to obtain the most current listing. 
This inventory also offers information on other useful data products, such as the 
ISCCP B-3 satellite data, and FSET members may obtain copies of any of these 
tapes. 

Related cloud products are also available through NCDS. NCDS provides 
access - both in the form of tape copy and in Common Data Format - for the 
Nimbus-7 Temperature Humidity Infrared Radiometer (THIR) Cloud Product 
(THIR CMATRIX). This product is available for April 1979 through March 1985. 
The same level of access will be available for the ISCCP Cloud Products, ISCCP- 
C1 and ISCCP-C2. Sample plots from these data sets will be available for 
scrutiny. 

Entries describing the FIRE data sets are being provided for the NCDS on-line 
catalog. Detailed information for the Extended Time Observations is available in the 
general FIRE catalog entry. Separate catalog entries are being written for the Cirrus 
Intensive Field Observation (IFO) and for the Marine Stratocumulus IFO. Updates 
for these catalog entries are made as changes in information and data are received at 
NCDS. Short descriptions of each FIRE data set will be installed into the NCDS 
Summary Catalog. These descriptions are available as one-screen displays in 
NCDS's catalog format. 
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THE EFFECTS OF CLOUD RADIATIVE FORCING 
ON AN OCEAN-COVERED PLANET 


David A. Randall 

Department of Atmospheric Science 
Colorado State University 
Fort Collins, Colorado 80523 


1. Introduction Cloud radiative forcing (CRF) may be defined as the difference between the 
radiative flux (at the top of the atmosphere, say) which actually occurs in the presence of clouds, and 
that which would occur if the clouds were removed but the atmospheric state were otherwise 
unchanged. The term CRF can also be used to denote warming or cooling tendencies due to cloud- 
radiation interactions. 

The Colorado State University general circulation model (GCM) is being used to simulate the 
CRF. Like most current climate models, the CSU GCM does not include an interactive ocean. As a 
result, the simulated surface CRF acts only on the land surface. The model results show, however, 
that the surface CRF and the atmospheric CRF (hereafter, ACRF) have very different effects on the 
large-scale circulation. 

In order to isolate the effects of the ACRF, we have simulated the general circulation of an 
ocean-covered earth, which we call ’Seaworld." The key simplifications in Seaworld are the fixed 
boundary temperature with no land points, the lack of mountains, and the zonal uniformity of the 
boundary conditions. 


2. Computational procedure The CSU GCM is derived from the UCLA GCM developed by A. 
Arakawa and collaborators. The main differences in the CSU model are revised parameterizations of 
terrestrial and solar radiation, which have been introduced in order to allow more satisfactory 
simulations of cloud-radiation interactions. 

Three types of clouds are generated by the model: convective 'anvil' clouds, supersaturation 
clouds, and boundary layer stratocumulus clouds. Cumulus convection is parameterized following the 
theory of Arakawa and Schubert (1974). Convective clouds are assumed to have negligible cloud 
fraction below 400 mb. If convection penetrates above 400 mb, however, an optically thick 'anvil" 
cloud is assumed to horizontally fill the grid column, from 400 mb to the highest level reached by the 
convection. Supersaturation clouds are assumed to occur when the relative humidity equals or exceeds 
100%, are assigned a cloud fraction of 1, and are assumed to vertically fill the GCM layer where they 
occur. Boundary-layer clouds can be arbitrarily thin; their cloud fraction is 1 when they are more than 
12.5 mb deep, and decreases to zero linearly as their pressure thickness decreases from 12.5 mb to 
zero. The optical properties of the supersaturation and boundary-layer clouds are assumed to vary 
with cloud pressure-thickness and also with temperature, such that cold clouds are optically thinner 
than warm clouds of the same pressure-thickness. This crudely represents the "optical depth 
feedback*. The clear-sky radiative fluxes have been saved as diagnostic results before cloud effects 
are accounted for; they are thus defined for all grid points, not just those that happen to be cloud-free. 

The prescribed zonally uniform sea-surface temperatures of Seaworld are based on the 
simulated zonally averaged (including both land and sea) boundary temperature obtained in a July 
"Earth’ simulation. For simplicity, an albedo appropriate to the oceans has been used everywhere; we 
have not included any effects of seaice. 
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The Seaworld simulations were initialized from the June 1 conditions of the Earth simulation, 
and all boundary conditions were instantaneously changed to those of Seaworld, except that the 
mountains were gradually flattened out over a period of two simulated days, to avoid extreme sloshing 
of the model atmosphere. We performed two 90-day "perpetual July” simulations, and analyzed the 
last 60 days of each. The first run included all of the model's physical parameterizations, while the 
second omitted the effects of clouds in both the solar and terrestrial radiation parameterizations. 
Since the boundary temperatures are fixed and identical in the two runs, the clouds can affect the 
results only through the ACRF; the differences between the two runs, therefore, reveal the direct and 
indirect effects of the ACRF on the large-scale circulation and the parameterized hydrologic processes. 


3. Results The ACRF in the cloudy run corresponds very well to the radiative heating perturbation 
relative to the cloud-free run. Fig 1 shows the integral of the ACRF across the atmosphere in the 
cloudy run. This represents a warming of up to 70 W nr 2 in the Northern Hemisphere tropics. Also 
shown in the figure are the change in the net radiation into the atmosphere (including both the earth's 
surface and the top of the atmosphere), and the change in the total energy flux into the atmosphere, 
from both radiation and turbulent sensible and latent heat fluxes. The change in the net radiation 
between the two runs essentially reflects the existence of ACRF in the cloudy run. The change in the 
total energy flux is similar to the change in the change in the net radiation, but the tropical peak is 
higher. The tropical atmosphere adjusts to the ACRF in such a way that the warming due to the ACRF is 
amplified i.e., there is a positive feedback. 

Fig. 2 shows the zonaliy averaged precipitable water for both runs. Interestingly, the clouds 
act to drastically increase the moisture content of the atmosphere. The cloudy run has much more 
precipitable water than the cloud-free run-almost twice as much in the tropics. This increased 
moisture has qualitatively the same effect on the atmospheric radiation balance as the ACRF: both tend 
to warm the atmosphere. The atmospheric moisture content of the cloudy Seaworld is much, more 
earth-like than that of the cloud-free Seaworld, although of course it is not clear to what extent we 
should expect "Seaworld" to look like the earth. 

The net effect of the ACRF is to warm the middle troposphere by up to 8 K at the 6 km level. 
The increased precipitable water content of the cloudy model atmosphere cannot be explained by 
assuming fixed relative humidity and taking into account the warmer temperatures. The actual reason 
for the increased moisture content of the cloudy atmosphere involves the large-scale motions, as 
discussed further below. 

Fig. 3 shows the zonaliy averaged precipitation for both the clear and cloudy runs. There is a 
double tropical rain band in the cloud-free run, and a single, more intense tropical rain band in the 
cloudy run. Generally, the precipitation is much more concentrated in the cloudy run, and much more 
diffuse in the cloud-free run. The cloud-free run produces relatively weak but frequent convection, 
while the cloudy run produces relatively intense but infrequent convection. The globally averaged 
precipitation is about 15% greater in the cloudy run, which is a remarkably small change considering 
the large difference in the moisture content of the atmosphere. Tropical evaporation increases 
significantly in the cloudy run. The increased evaporation is partly due to the fact that the tropical PQL 
air is about 2 g kg' 1 drier in the cloudy run, and partly due to a 3 m s' 1 increase of the PBL wind speed 
in the cloudy run. The reason for the stronger winds is discussed further below. 

Not surprisingly, the mean meridional circulation differs quite substantially between the two 
runs. As shown in Fig. 4, both runs produce two Hadley Cells-a weak cell in the Northern Hemisphere, 
and a strong one in the Southern Hemisphere. With clouds, the main Hadley Cell transports slightly 
more than 200 x 10 9 kg sec -1 , and is centered on the equator, with its rising branch at about 10 0 N. 
Without clouds, it transports only about 120 x 10 9 kg see 1 , and is centered at about 10 ° south. The 



mean meridional circulation in the cloudy run is considerably more realistic than that in the cloud-free 
run. 

In association with the stronger Hadley circulation in the cloudy run, the PBL wind speed 
increases by about 3 m 8' 1 in the tropics. This is partly responsible for the stronger surface 
evaporation. The increased surface latent heat flux in the cloudy run explains the ‘amplification* of the 
atmospheric warming due to the ACRF. 

The cloudy run has more deep convective activity, concentrated in a narrow band near 15 * N, 
where the intense Hadley Cell has its rising branch. The cloud-free run has two relatively weak 
convective heating maxima, near 1 0 s S and 25* N. When ACRF is included, radiative cooling at the tops 
of avils leads to intense penetrative convection from the PBL, and it also promotes moist adjustment in 
the upper tropical troposphere. This intense convective activity leads to increased tropical 
precipitation. This drives a stronger Hadley circulation, further increasing the precipitation. The 
Northern Hemisphere circulation is selectively amplified because the sea surface temperatures are 
warmer there. The subsidence associated with the Northern Hemisphere Hadley Cell tends to suppress 
the Southern Hemisphere Hadley Cell and its associated precipitation. When ACRF is present, the 
system selects a relatively narrow but intense zone of latent heating. 

Naturally, the zonal wind is strongly influenced by the changes discussed above. The ACRF 
increases the intensity of the tropical easterlies, particularly near the surface and the tropopause; and 
it also enhances the midlatitude westerly jets, shifting the Northern Hemisphere jet equatorward. 

The PBL is considerably deeper in the cloudy run particularly near 10 * N, where the cloudy run 
has strong low-level rising motion. Increased large-scale convergence favors an increased PBL depth 
in this region. A deeper PBL is also favored by the warmer troposphere in the cloudy run, which 
implies a weaker inversion at the PBL top; and by radiative cooling at the tops cf PBL stratus clouds, 
which promotes rapid entrainment. 

As a result of the increased PBL depth, the precipitable water content of the PBL is much larger 
in the cloudy run, even though, as noted above, the PBL specific humidity is actually slightly smaller. 
Most of the simulated increase in the precipitable water occurs in the troposphere above the PBL, 
however. Moisture is introduced there by a two-step process. First, it is carried out of the PBL and 
injected into the troposphere by cumulus detrainment; the cumulus clouds transport moisture upwards 
even as they rain it out. It is then redistributed vertically, through advection by the rising branch of 
the Hadley Cell, and also by large-scale precipitation/re-evaporation. 

The cloudy run has a strong maximum of cumulus detrainment that coincides precisely with a 
radiative cooling maximum due 1o cumulus anvil tops. The intense deep convection in the ITCZ of the 
cloudy run is promoted by radiative destabilization of the column. It is also favored by the increased 
strength of the Hadley circulation. The Hadley Cell is invigorated by the greater warming at 1 0* N, due 
to both ACRF and cumulus convection. 

Of course, in the "cloud-free” run the clouds were radiatively inactive, but we saved their 
distribution as a diagnostic. The upper tropical troposphere is almost twice as cloudy in the "cloud- 
free” run as in the cloudy run. This is partly due to an increase in the relative humidity there, 
associated with cooler temperatures, but it is also due to the increased frequency of cumlus activity, 
which leads to greater anvil cloudiness. 

The ACRF is the only difference between the model formulations used in the two Seaworld runs. 
The effects of ACRF on Seaworld's climate are dramatic, to say the least. By destabilizing the tropical 
atmosphere, and at the same time providing a net warming of the column, it favors both an enhanced 
Hadley circulation and deeper, more intense, but less widespread convection. The intensified 



convection further invigorates the Hadley circulation, and vice versa. The stronger surface winds 
associated with the more intense Hadley circulation lead to greater surface evaporation in the tropics, 
while the rising branch of the Hadley circulation dramatically moistens the free atmosphere. At the 
same time, the greatly reduced frequency of convection and the increased temperature of the tropical 
middle troposphere tend to reduce the cloudiness, especially at the upper levels, and so feedback on the 
ACRF. 

The net effects of ACRF on the radiative-convective-dynamical system of Seaworld are to 
locally intensify deep cumulus convection, to reduce the cumulus incidence, to amplify the mean 
meridional circulation, and to dramatically increase the moisture content of the atmosphere, at the 
same time reducing the upper level cloudiness that is primarily responsible for the ACRF. All of this 
occurs without any major changes in the globally averaged precipitation or evaporation rates. These 
results illustrate a three-way regional interaction among the ACRF, the convection, and the large-scale 
dynamics. The feedbacks among the three components are strongly positive. At the same time, 
however, each of the three components feeds back negatively on itself: the ACRF warms the column 
and so tends to reduce the relative humidity; the convection increases the moist static stability of the 
column and so tends to shut itself off; and the large-scale circulation depletes its own source of 
available potential energy. These negative feedbacks determine how the system equilibrates. 


8. Summary and concluding remarks Cumulus anvil clouds, whose importance has been 
emphasized by observationalists in recent years, exert a very powerful influence on deep tropical 
convection by tending to radiatively destabilize the troposphere. In addition, they radiatively warm the 
column in which they reside. Their strong influence on the simulated climate argues for a much more 
refined parameterization in the GCM. 

For Seaworld, the ACRF has a powerful influence on such basic climate parameters as the 
strength of the Hadley circulation, the existence of a single narrow ITCZ, and the precipitable water 
content of the atmosphere. It seems likely, however, that in the real world the surface CRF feeds back 
negatively to suppress moist convection and the associated cloudiness, and so tends to counteract the 
effects of the ACRF. Many current climate models have fixed sea surface temperatures but variable 
land-surface temperatures. The tropical circulations of such models may experience a positive 
feedback due to ACRF over the oceans, and a negative or weak feedback due to surface CRF over the 
land. The overall effects of the CRF on the climate system can only be firmly established through much 
further analysis, which can benefit greatly from the use of a coupled ocean -atmosphere model. 
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A SYNOPSIS OF LANGLEY RESEARCH CENTER’S LIDAR EFFORT 
FOR THE 1986 FIRE IFO 

by 

J. H« Alvarez 1 2 , M. P. McCormick 1 , J. D. Moore 2 # w. H. Hunt2, b. R. Rouse 1 , 

L. R. Poole 1 , and B. D. Poole 1 

The lidar data obtained by the Langley 14* Aircraft Lidar in October 1986 
in Wisconsin is being reduced in a transparent, simple fashion and will be 
published in its reduced form in a NASA Reference Publication (RP). This 
reduced data will also be submitted to the FIRE data archives. Some of this 
reduced data will be presented at the FIRE FSET Workshop to acquaint the 
Science Team with the data format to be used in the archive and the upcoming 
catalog contained in the RP. 

A new method was utilized in Wisconsin for obtaining the depolarization 
ratio of aerosols. This method involves using a half-wave plate to calibrate 
the lidar under field conditions. The theory behind this technique will be 
presented at this workshop as well as some of the lidar calibration results. 
The lidar calibration will be utilized in interpreting some of the dual polar- 
ization lidar data obtained during the IFO in Wisconsin. Some of these data 
will also be discussed at this workshop. 

A continuous wave laser lab-type lidar simulator was constructed during 
the previous year. One of the primary reasons for the construction of the 
simulator was to attempt dual-polarization lidar-like calibrations under 
laboratory, rather than field conditions. The data collected by this system 
was used to experimentally check and thus, inspire confidence in the algo- 
rithms being used to interpret the lidar data obtained in the field. A com- 
puter program which simulates noisy lidar data was used as part of this effort 
in order to obtain some feel for the noise in the inversion parameters as a 
function of noise in the actual measurements. The lidar simulation will he 
described at this workshop in addition to presenting some of the lab-generated 
calibration data. 


1 NASA Langley Research Center, Atmospheric Sciences Division, 
Hampton, VA 23665-5225 

2 Wyle Laboratories, Hampton, VA 23666 
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Optical and Morphological Properties of Cirrus Clouds Determined 
by the High Spectral Resolution Lldar During FIRE 

Christian J. Grund and Edwin W. Eloranta 
University of Wisconsin, Department of Meteorology 
1225 W. Dayton St., Madison, Wl. 53706 


I. Introduction 

Cirrus clouds reflect incoming solar radiation and trap outgoing terrestrial radiation; therefore, 
accurate estimation of the global energy balance depends upon knowledge of the optical and 
physical properties of these clouds. Scattering and absorption by cirrus clouds affect measurements 
made by many satellite-borne and ground-based remote sensors. Scattering of ambient light by the 
cloud, and thermal emissions from the cloud can increase measurement background noise. Multiple 
scattering processes can adversely affect the divergence of optical beams propagating through these 
clouds. Determination of the optical thickness and the vertical and horizontal extent of cirrus clouds is 
necessary to the evaluation of all of these effects. Lidar can be an effective tool for investigating these 
properties. 

During the FIRE cirrus IFO in Oct.-Nov. 1986, the High Spectral Resolution Lidar (HSRL) was 
operated from a rooftop site (43° 4’ 29" N, 89° 24' 26", 347.8 m msl ) on the campus of the University 
of Wisconsin at Madison, Wisconsin. Approximately 124 hours of fall season data were acquired under 
a variety of cloud optical thickness conditions. Since the IFO, the HSRL data set has been expanded 
by more than 63.5 hours of additional data acquired during all seasons. This paper will present 
measurements of the range in optical thickness and backscatter phase function of cirrus clouds, as 
well as contour maps of extinction corrected backscatter cross sections indicating cloud morphology. 

In our talk, we will present color enhanced images of range-time indicator (RTI) displays of a variety 
of cirrus clouds with -30 sec time resolution. We will also demonstrate the importance of extinction 
correction on the interpretation of cloud height and structure from lidar observations of optically thick 
cirrus. 

II. Technique 

Because the lidar return signal from any range depends on both the backscatter cross section and 
the 2-way optical depth to that range, simple lidar systems, which make one measurement at each 
range, may not separately measure backscatter and extinction. Accurate knowledge of the extinction 
at one range, and a profile of the range dependence of the backscatter to extinction ratio (backscatter 
phase function), is essential to the determination of extinction from these lidar systems 1 . The HSRL 
differs from simple lidar systems in that it separates the particulate backscatter component from the 
molecular backscatter component of the lidar return. 2 Extinction is directly and unambiguously 
determined from the separated molecular backscatter return and an atmospheric density profile. This 
is possible because the atmospheric density determines the molecular backscatter cross section, 
thereby establishing a known target available at every range. The separation of molecular from 
particulate backscatter is achieved by observing differences in the spectral distribution of the 
scattered energy. The rapid thermal motion of the molecules Doppler-broadens the molecular 
backscatter spectrum. Particulates are more massive than molecules and are thus characterized by 
slower Brownian drift velocities which produce insignificant broadening of the scattered spectrum. 
The HSRL observes the return signal in two channels: a spectrally broad channel encompassing the 
molecular backscatter spectrum, and a spectrally narrow channel centered on the transmitted 
wavelength. With a system calibration 3 , the 2-channel signals may be inverted to provide separate 
profiles of particulate and molecular scattering. Once the extinction is determined, the separated 
particulate scattering profile may be directly employed to determine the backscatter phase function. 

III. Data Analysis 

The particulate backscatter cross sections presented in fig.'s 1 - 4 were produced from inverted, 
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time averaged particulate and molecular scattering profiles acquired during fixed, vertically-pointing 
HSRL operations. They represent contour maps of the extinction corrected backscatter intensity of 
the cirrus clouds as they evolve in time and drift over the HSRL with the ambient winds. To reduce 
statistical noise, and mitigate the effects of aerosol-molecular channel cross talk, the HSRL in-cloud 
molecular backscatter signal has been obtained according to the following algorithm: 1) regions of 
small particulate-molecular channel cross talk (i.e. regions characterized by background aerosol and/or 
pure Rayleigh backscatter) are identified both above and below the cloud, 2) in these cloud-free 
regions, a least squares fit is produced of the observed molecular signal to the expected profile for a 
pure molecular scattering atmosphere calculated from a density profile, 3) the clear air observed 
signals are replaced with the smooth best fit estimates above and below the cloud, 4) the total cloud 
extinction is determined from the decrease in the best fit molecular signal across the cloud 
determined in step 3, while accounting for the expected decrease in molecular cross section with 
altitude, 5) on the assumption of a constant backscatter phase function and constrained by the optical 
thickness determined in step 4, a Bernoulli 4 solution for the extinction distribution within the cloud is 
produced from the inverted particulate backscatter profile, 6) the in-cloud molecular backscatter signal 
is replaced with a smooth estimate calculated from the extinction profile determined in step 5 and the 
known altitude distribution of of the molecular backscatter cross section. In this way, noise is removed 
from the molecular scattering profile, while the distribution of extinction is closely maintained. 

Temporal averaging has been applied to the backscatter cross section profiles used to produce 
fig.’s 1 - 4. Noise considerations are such that 8-15 minute time resolution is possible at night, 
depending upon output power and upon cloud altitude and optical thickness. Daytime temporal 
resolution is somewhat degraded because of an increase in the background noise due to scattered 
sun light. Signal averaging times were chosen so as to limit the errors due to statistical fluctuations to - 
±15% of the average in-cloud backscatter cross section for each profile. The resolution of the profiles 
used to produce fig. 1 is -8 minutes and -12 minutes for fig. 3. Fig. 2 has a time resolution ~1 hour, 
and the range resolution has been reduced to 900 meters in order to filter noise from the small 
particulate signals observed during that time period. Operations on Jan. 29-30, 1988 provided 
exceptional data, with 1 0 minute averaging possible during daylight and nighttime observations, even 
though the measured optical thicknesses occasionally exceeded 2. 

The dashed lines presented in these plots represent a best estimate for an optical mid-cloud 
height. Half the cloud optical thickness is accumulated below this line as determined from the 
Bernoulli solution to the in-cloud extinction. Because the optical thickness of cirrus clouds may be 
generated by a highly irregular vertical distribution of extinction, this optical mid-cloud level could be 
useful in conjunction with (or instead of) cloud top and bottom altitudes in radiative transfer models. 

IV. Discussion 

On examining fig.’s 1-4 it is evident that cirrus clouds are produced in a variety of forms with large 
variations in cloud altitude and, thickness. For instance, during the ETO (10/30/87), we observed a 
-100 m thick single layer cirrus cloud which persisted at 12.5 km for more than 1 hour. In contrast, fig. 
4 (1/29-30/88) shows an 8 hour period of repeated, vertically developed cells, imbedded in an 
unbroken cirrus cloud layer having a vertical extent which occasionally exceeded 8 km. 

Fig. 1 shows a contour plot of the backscatter cross section of an isolated cirrus cloud structure 
occurring on 10/27/86. Assuming no temporal development, and translation of the cloud with the 
ambient wind, the horizontal extent of this feature is estimated to be 48 km. The maximum value for 

the backscatter cross section was observed to be 4.4*1 O' 6 m^sr^.The average optical thickness of 
this cloud was .03 +.006, with a bulk backscatter phase function of .028+.005 sr 4 . 

Occasionally, background veils of optically thin (sub-visible) cirrus have been observed . Fig. 2 is a 
contour plot of such an event. In the vertical, this 3-5 km thick layer had an average optical thickness of 
.01±.004. It is important to note that the 19 m/s wind speeds at 10 km altitude imply a 266 km 
horizontal extent for this veil. One implication of such large scale "thin" cirrus is that remote sensors 
attempting to view horizontally within such layers could encounter optical thicknesses approaching 1 
even though the cloud may not be visually apparent. 

Fig. 3 depicts the backscatter cross section map of a cirrus cloud complex with a wind-drift- 
estimated horizontal extent of ~96 km. The maximum observed backscatter cross section was 
determined to be 2.4*10*5 m'^sr 1 . Profiles averaged between 5:40 and 7:40 GMT indicated a mean 
optical thickness of ,58±.05 and a bulk backscatter phase function of .047±.007 sr 1 . 
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Fig. 4 shows an 8 hour segment of the backscatter cross section for a warm frontal cirrus system 
which occurred on 1/29-30/88. The maximum backscatter cross section of 4.3-1 O' 5 m^sr 1 was 
observed near 1 :30 GMT. Twenty minute averaged optical thickness varied between between .081 

and 2.27 (see fig. 5), while the backscatter phase function varied from .031 - .057 sr 1 (see fig. 6). At 
the time of this writing, error bars had not been established for this data, but they should be 
comparable to previously reported values. It is interesting to note the large and systematic variation in 
backscatter phase function during a period of nearly constant optical thickness occurring between 
18:00-20:00 GMT. This implies that a substantial portion of the structural information conveyed in fig. 
4 is due to changes in the backscatter phase function and not just modulations of the extinction cross 
section. Thus, caution must be used in the application of simple lidar backscatter profiles to infer cloud 
radiative properties, even in a relative sense. 

Table 1 summarizes the cirrus cloud optical thickness and bulk backscatter phase function 
estimates thus far completed. The mid-cloud optical altitude has been taken as representative for the 
determination of cloud temperature. These measurements represent only the analysed portion of the 
much larger HSRL cirrus cloud data set acquired since October, 1986. They were produced from 15 - 
120 minute data averages, and are indicative of the bulk properties across the entire cloud layer. The 

backscatter phase function dependence on mid-cloud temperature reported by Platt and Dilley 6 has 
not been observed in the HSRL data set. 

V. Summary 

Since the fall of 1986, we have observed cirrus clouds with backscatter cross sections ranging 
from 1-10-7 - 4.2-10' 5 m^sr 1 , optical thicknesses from .001 - 2.3, and exhibiting backscatter phase 

functions in the range of .021 - .061 sr 1 . Persistent cirrus cloud layers have been observed with 
vertical thicknesses of -.1 - 8 km. Coherent structural details ranging from 10's of meters and 
exceeding 250 km have been recorded. However, significant improvements in HSRL measurement 
statistics will be necessary to produce optical thickness and backscatter phase function 
measurements on time scales of less than 10 minutes, to reveal details of internal cloud opticaj 
properties, or to produce real time volume scans. 

Fortunately, we are in the process of upgrading the system with a more powerful and spectrally 
stable laser which will decrease our time average requirements by a factor of -40. This laser should 
also provide additional reductions in the aerosol-molecular channel cross talk terms, improving 
detailed analysis of backscatter phase function and extinction within cirrus clouds. It is possible that 
the HSRL will be operational with this new set of capabilities by the July 1 988 meeting date. 

This research has been supported under ARO grant DAAG29-84-K-0069 and ONR contract 
N00014-85-K-0581 . 
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Fig. 1 Contour plot showing the paniculate backscatter cross section ( 1 0' 7 
nHsr 1 ) distribution within a cirrus cloud ( — ). The dashed line indicates 
the optical mid-cioud height {• - see text). The average opticat lhickness of 
this cloud was .03 with a bulk backscatter phase function of .028 s H . 



Fig. 3 Backscatter cross section ( ) and mid-cioud optical heights - -) of a 

cirrus cloud complex. Average optical thickness of this system was found to 
be .58 with a bulk backscatter phase function of .047 ar > . Contour units are 
10‘ 7 nr'aH. 
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Fig. 2 Background veil of enhanced particulate backscatter may persist at 
Cirrus cloud altitudes even when cirrus are not apparent. The range 
resolution has been reduced to 900 m to improve the noise statistics ol this 
low backscatter data. Contour units are 10 ® nHsH. 
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Fig. 4 (top) Backscatter crbss section (. — ) and mid-cloud optical height (- - -) of a 
cirrus cloud shield preceding a warm front. Notice the series of repeated cells of 
enhanced backscatter. Modulations of the mid-cloud height (1-2 km) are closely tied to 
the cell patterns. Fig. 5 (middle) Optical thickness record for 1/29-30/88 (20 minute 
independent averages). Fig. 6 (bottom) Backscatter phase function record for 1/29- 
30/88 (20 minute independent averages). Note the large systematic change in the 
backscatter phase function during the first 2 hours of the data set. This change 
occurred even though the average optical thickness remained constant, indicating that 
much of the structural information conveyed in fig. 4 was not simply produced by 
modulation of the extinction. Thus, caution must be used in the application of simple 
lidar backscatter profiles to infer cloud radiative properties, even in a relative sense. 
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1. INTRODUCTION 


The role of cirrus clouds, particularly in weather and climate processes, has been 
increasingly investigated. Numerical models have demonstrated the importance of the 
solar reflectivity and infrared radiation of cirrus clouds in the earth’s radiation budget and 
climate. These properties depend upon the cloud microphysical characteristics, density, 
and altitude and hence justify investigation. The results reported herein were obtained 
from cold clouds (-20 to -46°C) in the mid to upper troposphere during ten flights of the 
NCAR King Air as part of the First ISCCP Research Experiment (FIRE) in Wisconsin. 


2. LIQUID WATER CONTENT MEASUREMENTS 

The number of seconds during which liquid water was observed in FIRE clouds between -25 
and -35°C, is given in Fig. 1 as a function of amount detected. Data were obtained from 
a Rosemount Icing Detector (RICE), a Particle Measuring Systems’ Forward Scattering 
Spectrometer Probe (FSSP), and two hot wire probes, the Johnson- Williams (J-W) and 
the King. Although the J-W and the King hot-wire probes have been the instruments of 
choice in past investigations of liquid water in cold clouds, they are limited by detection 
thresholds of 0.02 to 0.05 g m~ 3 , an order of magnitude higher than the RICE or the FSSP. 
The results given in Fig. 1 are taken from the FSSP data and illustrate the importance of 
measurements at smaller LWC; most of the liquid water observed at temperatures colder 
than -20° C was below the detection limits of the hot-wire probes. The data from which 
Fig. 1 was derived show the largest amounts of liquid water between -30 and -35°C, 
indicating that in this range, meteorology is more important than temperature. 

The operating principles and calibration procedures of all but the RICE have been reported 
in the formal literature. The RICE collects water droplets and measures corresponding 
changes in the frequency of a vibrating cylinder. The upper noise limit was determined 
by examining all output obtained from the instrument at temperatures lower than -40°C 
where all water is assumed to be frozen. At the true air speed appropriate for the King 
Air, ~ 100 in s' -1 , the limit was found to be 3 mV s -1 . FSSP spectra of the same 
temperatures were used to determine ice particle contamination in the data from that 
instrument, resulting in a conservative threshold of 1.5 cm -3 particles per each size bin 
(3 to 45 n m). Examination of the data taken at warmer temperatures indicated that the 
RICE and FSSP corrections were valid to -20°C. 

As will be illustrated in another paper to he presented here, these measurements of 
supercooled liquid water were obtained within relatively thin altocumulus cloud layers 
found in association with cirrus cloud systems. Polarization lidar observations from the 
Wausau site reveal that the altocumulus frequently became incorporated in deep cirrus ice 
clouds as precipitating cirrus particles reached the height of the liquid layer. This process 
was observed to occur during all four of the deep cirrus cloud occurrences studied from 
Wausau during the FIRE IFO, and appears to have been important to the development of 
the cirrus at low levels. 
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3. ICE PARTICLE EVOLUTION 


The types of ice crystals in the cold clouds and their size and number were determined 
from data obtained from two PMS imaging probes, 2D-C and P, and from collecting actual 
crystals in situ on oil-coated slides. 

The evolution of ice particles in the cloud layers was examined using patterns in which the 
aircraft performed Lagrangian spirals, slowly descending through the layers while drifting 
with the ambient wind. The particle-size spectra derived from the imaging probes during 
one such Lagrangian spiral are given in Fig. 2a. Inhoniogeneities have been removed by 
averaging each spectrum over the entire spiral. Measurements taken from the aircraft 
during the flight showed a zone of ice subsaturation between 7.4 and 8.8 km msl and ice 
supersaturations from 10 to 20% at other altitudes, all below the top of the cloud layer 
which the aircraft was unable to reach. In broadening with decreasing altitude the spectra 
shown are typical of those obtained in all of the flights. Again, ty pically, much of the growth 
occurs in the larger sizes. Examples of the particles, primarily bullet rosettes, collected 
during the same descent are also shown in Fig. 2b. Bullet rosettes were predominant in 
many of the collections and columns or plates in others. 

4. ICE PARTICLE AGGREGATION 

At all temperatures the imaging probe data from every flight gave evidence of particle 
aggregation; usually of bullet rosettes joined at their tips, as is illustrated in Fig. 2c and d. 
Aggregations of plates and columns were also observed, the former joined at edges and the 
latter end-to-end. At temperatures lower than -25°C the aggregations were almost always 
of two, equi-dimensional particles with concentrations unvaried with altitude, typically 0.1 
to 0.5 t~ l . As temperatures warmed above -25 P C, the number of aggregates increased 
as did the number of particles comprising them, their size, and their concentration in the 
total number of particles. 

5. CONCLUSIONS 

During the FIRE experiment, the microphysical characteristics of cold clouds have been 
examined, using the NCAR King Air. The clouds investigated ranged in temperature 
from -20 to -46°C. Liquid water was detected in these clouds at -35‘’C and may exist at 
even colder temperatures, Evaluation of the conditions under which it exists at such low 
temperatures is continuing. 

Aircraft patterns in the form of Lagrangian spirals were used to interpret particle growth 
processes. Significant broadening of the particle size spectra was observed with minor 
changes in the spectra at small sizes. Virtually all of the broadening observed was 
attributable to ice particle aggregation which occurred at all temperatures. The crystals 
comprising the aggregates were of comparable size, joined either at tips or edges, and were 
usually two in number at temperatures lower than -25°C, increasing to three or more at 
warmer temperatures. The data strongly suggest that sintering is the mechanism through 



which the crystals aggregate. 


Aggregation appears to be important in the transfer of water mass from upper to lower 
levels in clouds. Investigation of the aggregation process is continuing in greater detail. 
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NUMBER OF SECONDS LW WAS DETECTED 



Fig. i: Number of seconds in which liquid water was 
detected during FIRE flights as a function of LWC 
(g m” 3 ) in temperatures between -25 and -35®C. Bln 
widths are 0.001 g m~ 3 . 



Fig. 2a: LAGRANGIAN SPIRAL, 2 November 
1986. Particle concentration (number per liter) as 
a function of altitude. Size range (microns): a) 75 - 
200; b) 200 - 500; c) 500 - 800; d) > 800; e) total. 
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fig. 2b: Particles collected m situ at temperatures 
given (°C). 
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Fig. 2c: 2D-C probe images at temperatures given 

(°C). 



500 m 

Fig. 2d: 2D-P probe images at temperatures given 
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Several NCAR King Air flight missions were conducted during the Wisconsin 
FIRE IFO experiment in support of University of Utah polarization Ildar observa- 
tions of deep cirrus cloud systems at the Wausau ground site. Data collected 
from four cirrus systems are included in this analysis, including those of 22 
and 28 October, and 1 and 2 November. Lidar data were generally obtained at 2- 
min intervals in the zenith direction over observation periods that ranged from 
-4 to 10 h, bracketing the aircraft missions. The data have been processed to 
yield height-time (HTI ) displays of lidar linear depolarization ratio 6 and 
relative range-normalized returned power P. King Air operations consisted of a 
combination of rapid profiling and Lagrangian spiral descents and stacked race- 
track patterns (flown approximately along the cirrus level wind direction) in 
the vicinity of the field site. From the spiral descents are constructed 
vertical profiles of ice particle (£75 um) concentration Nj and ice mass content 
IWC derived from PMS 2D-probe imagery and, when detected, FSSP cloud droplet 
concentration N w and liquid water content LWC. Aircraft flight leg data are 
presented for vertical velocity W and the same ice and water cloud content 
parameters. In addition, aerosol particle concentrations (0. 1-3.0 pm) obtained 
with the ASAS probe are examined, and photographs of ice particles collected 
in situ on oil-coated slides are presented to illustrate ice particle habit. 

As an example of a partial dataset from a deep cirrus cloud system, we 
present for the 1 November 1986 case study, HTI displays of lidar relative 
(range-normalized) returned laser power and 6 values (bottom of Fig. t, see 
caption), and aircraft temperature, ice mass content and crystal concentration 
vertical profiles obtained during two spiral descents through the cloud (Fig. 

2). The altitude of the aircraft over the ground 3lte during the mission is 
shown in the displays as the solid line, and the times that the ice crystal 
slide samples given in Fig. 3 were obtained are depicted by the circles. The 
position of the aircraft generally remained within 15 km of the ground site 
during the period shown in Fig. 1. 


*The National Center for Atmospheric Research is supported by the National 
Science Foundation. 
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The cloud structure on 1 November is similar to that of the three other 
deep cirrus cloud systems in that altocumulus layers containing supercooled 
liquid were connected with the cirrus development at low levels. As indicated 
at the beginning of the data display of Fig. 1, the relatively low 6 i 0.15 
values (filled-in) and enhanced returns that occur just above the frontal 
inversion at 5.3 km (~19°C) reveal the presence of supercooled cloud droplets. 
Below the altocumulus is a thin virga layer, which often appears to be composed 
of horizontally oriented plate crystals. Although dense cirrus is initially 
present above 7.5 km, the region Immediately above the altocumulus appears to be 
cloud free until -1830, when ice particles precipitating from the cirrus reach 
cloud base. This precipitation trail contains strong laser returns and the 
relatively high 6 » 0.5 values indicative of complex ice crystals or aggregates. 
Subsequently, a series of additional precipitation trails generated within the 
upper level cirrus provide a more or less continuous supply of ice particles to 
the newly established cirrus cloud base, which develops into a strongly scatter- 
ing layer. Clearly, the cloud generation processes responsible for the thin 
altocumulus were also responsible for the development of the dense cirrus cloud 
base layer, once sufficiently strong cirrus particle precipitation occurred to 
humidify and breach the intervening cloud free layer. 

Aircraft microphysical data from the first spiral descent (Fig. 2a) show 
relatively high particle concentrations within an upper cirrus level generating 
region above -8 km (see top of Fig. 1), and variable concentrations below -7 km. 
In terms of ice mass content, a gradual increase in IWC is present with decreas- 
ing height in the lower cloud region, with the peak occurring at the 5.3 km 
level formerly occupied by the altocumulus layer. The photomicrographs of Fig. 

3 reveal that the strongly scattering cloud base region displaying 6 *» 0.5 
values contained complex, hollow column crystals. During the second spiral 
descent (Fig. 2b), ice crystal concentrations decrease slightly, while IWC 
values tend to increase. The IWC 20.01 g m"* values present between 5 . 3 - 7 • h km 
correspond to a layer of strong laser returns and 6 * 0.5 values, which produced 
sufficient optical attenuation to have limited the lidar detection of the upper 
cirrus cloud region at that time. 

The vertical profiles of IWC obtained during both spiral descents suggest 
that ice particle aggregation was occurring within the deep cirrus. On the 
basis of the Ildar data, ice crystal production appears to have occurred 
primarily within the generating regions near cloud tops, and also within the 
occasionally water-saturated cloud base region. Further analyses are underway 
to obtain more detailed knowledge of the effects of the aggregation process. 


Acknowledgments . This research has been supported primarily by Grant ATM-85 
13975 from the National Science Foundation and by NASA project order //L-08100B. 
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Fig. 1 Height-time displays of lidar relative returned laser power in dB of the 
maximum range-normalized signal (top, note gray scale at right) and 
linear depolarization ratio (bottom, with 5 value scale at right) for 
the 1 November 1986 FIRE IF0 cirrus cloud system. The approximate posi- 
tion of the King Air aircraft in the vicinity of the Wausau ground site 
is shown by the lines for the two spirals and stepped ascent ramps, 
where the circles represent the ice crystal slide samples given in Fig. 
3. 
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Fig. 3 Photomicrographs of Ice crystals collected on three slides during the 

first aircraft spiral. At top are short column and thick plate crystals 
from a thin ice cloud at 7.15 km (-29.3°C); at bottom left are hollow 
columns displaying considerable internal structure from the lower cloud 
region at 6,15 km (-21.9°C)j and at bottom right are hollow columns with 
rounded edges and a loss of internal structure due to evaporation, from 
*1.8*1 km (-17.6°C). The loss of crystalline scattering properties from 
evaporation typically causes Ildar <5 values to decrease at cloud base 
(see Fig. 1). 
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1. INTRODUCTION 

This paper uses a large and comprehensive data set taken by the NOAA COj Doppler 
lidar, the NCAR King Air, and rawinsondes on 31 October 1986 during the FIRE (First 
International Regional Experiment) field program which took place in Wisconsin. Vertical 
velocities are determined from the Doppler lidar data, and are compared with velocities 
derived from the aircraft microphysical data. The data will be used for discussion of 
particle growth and dynamical processes operative within the cloud. 

2. SYNOPTIC DISCUSSIONS 

There was no large scale disturbances over the experimental area on 31 October 1986. 
The 1800 GMT surface map showed that there was a cold front 600 km to the west of 
the experimental area. At 1200 GMT, there was a weak upper level trough at the 200 mb 
level. The jet stream, with maximum wind speeds of about 45 m a -1 , was situated north 
of Wisconsin. Cirrus cloud formation occurred to the south of the jet stream in a warm 
air zone. There was not a direct relationship between the cirrus cloud location and the 
jet stream. A sounding from Green Bay at 11 CST (Figure 1) shows a moisture increase 
at upper levels where later the cirrus cloud formed. The base of the moisture zone is at 
about 450 mb with an isothermal layer just under the base. The cloud studied extended 
over an area of 45x20 km. 

3. DISCUSSION OF AIRCRAFT AND LIDAR MEASUREMENTS 

The NCAR King Air collected data within the cirrus cloud using six horizontal 
penetrations from 7.6 km (-29.6°C), cloud base, to 9.2 km (— 42.6°C), cloud top. The 
King Air sampling period for each penetration was about 5 minutes, corresponding to 30 
km horizontal legs. The time for total sampling through cloud layer was approximately 30 
minutes. 

The principal equipment used for cloud particle spectra measurements were Particle 
Measuring System (PMS) 2D-C and 2D-P probes, although only the size spectra from the 
2D-C probe were used. The 2D-C probe sized in the range 25 \i m to 1400 /tm. 

The velocity azimuth display (VAD) technique is used to calculate vertical velocities 
from the Doppler lidar measurements. This technique was first proposed by LHERMITTE 

1 The National Center for Atmospheric Research is sponsored by the National Science 
Foundation 
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and ATLAS (1961), and later developed by BROWNING and WEXLER (1968). In the 
VAD scanning mode, the beam is scanned continousiy in azimuth angles while the zenith 
angle is held constant. Backscatter power and azimuth angle are digitized in real time and 
stored on magnetic tape. The radial velocities are measured at interv vis of 300 m along 
the beam. 



Figure 1: A skew T-log P diagram from Green Bay at 1100 CST on SI October 1986. 
The moisture increase is seen approximately between \00 and S00 mb. 

4. VERTICAL VELOCITY CALCULATIONS FROM AIRCRAFT MEASUREMENTS 

In order to calculate vertical velocities from aircraft measurements, the precipitation 
rate, ice water content and terminal velocity were calculated from 2D-C probe size 
spectra measurements. HEYMSFIELD (1977) presented equations for calculations the 
above parameters. A mean size spectrum was obtained for each sampling pass. Particle 
habits observed in the 2D-C probe and from direct collections on oil coated slides were 
predominantly columns and bullet rosettes although some plates were detected (N. Knight, 
private communication). We then calculated the vertical velocity distribution with 
altitude. 

4.1 STEADY-STATE TECHNIQUE 

The basis of this technique is the conservation equation for total vapor, liquid and 
solid substances in a rising parcel of air (HEYMSFIELD, 1975). The assumption is made 
that ice supersaturation (S<) remains constant with time (t) at any given level. Thus, 


the crystal growth and resulting depletion of vapor are balanced due to the updraft. The 
vertical air velocity is then derived from 


U A = 


<f>2 dwi 
<f>\ dt * 


( 1 ) 


where U A is the air velocity, and <f> lf <j> 7 are coefficients (HEYMSFIELD, 1977). the 
cumulative growth rate of the particle size spectrum, is not known until the supersaturation 
with respect to ice (S») is obtained (see discussion below). 

4.2 FLUX TECHNIQUE 

The second technique employed in calculating the vertical air velocity from the size 
spectra measurements is the flux method (HEYMSFIELD, 1977). In this technique, the 
vertical velocity was calculated by equating the decrease in moisture between a lower and 
upper sampling levels to the increase in the precipitation rate between the same levels. 
The velocity is calculated from 

— Ai? 

A ~ AIWC + A„. (2) 

where AR is precipitation rate difference between level 1 and 2, AIWC is ice water content 
difference between the two levels, RH is the mean relative humidity, and Ap t is the vapor 
difference between level 2 and 1. Equations (l) and (2) can be solved simultaneously to 
yield U A , RH and 5, (HEYMSFIELD, 1977). 

5. VERTICAL VELOCITY CALCULATIONS FROM DOPPLER LIDAR MEASURE- 
MENTS 


Conically scanning Doppler lidar measurements were used to compute the mean 
divergence field, the horizontal wind speed, and direction. The VAD technique is based on 
a least squares technique for obtaining Fourier coefficients. Using the anelastic continuity 
equation, the vertical velocities are calculated at different altitudes through the cloud 
layer. Assuming that the particle velocity is equal to the terminal velocity, the zeroth 
order Fourier coefficient is given as (SRIVASTAVA et at ., 1986) 


- =r >> 7 rcwu . . 

a 0 = DIV — - V t stna . (3) 

it 

DIV is mean divergence, r is the horizontal range, Vt is mean backscatter-weighted 
terminal velocity, and a is the elevation angle. The mean horizontal divergence can 
be calculated from a ol V t , r and a. According to BROWNING and WEXLER (1968), 
inhomegeneities in the particle fall speed is a primary source of error for the divergence 
calculation. From concurrent DMSP satellite infrared images, it is reasonable to assume 
that the cirrus cloud had formed a homogenous structure. 

Mean backscatter-weighted terminal velocities (V t ) are estimated from the particle 
size spectrum. V t is found from: 



(<) 


where iV<^ is number concentration in size class » with habit /. The physical diameter (£>), 
which is used to calculate V* , is converted to an equivalent diameter (D eq ) (HEYMSFIELD, 
1972; 1975). Then, using the anelastic continuity equation and assuming vertical air 
velocities are zero at cloud top and base, the vertical air velocities are calculated. A 
variational adjustment technique is used to correct the divergence field. Vertical air velocity 
corrections are made following LIN et al. (1986). 

6. RESULTS AND CONCLUSIONS 

The aircraft vertical velocity and temperature measurements showed that the cirrus 
cloud formed in considerably stable atmospheric conditions on 31 October 1986. Maximum 
vertical shear of the horizontal wind was only 1.5 x 10 -2 a -1 (at about 8.8 km). The cirrus 
cloud may be formed because of a weak wave pattern or large scale lifting. 



VERTICAL VELOCITY f CM/S I 

Figure 2: The calculated vertical air velocities from aircraft (o), rawinsonde (+) and 
lidar (*) measurements on 31 October 1986. 


The ice crystal habits were predominantly columns and bullet rosettes at altitudes 
between 7.6 (-?9.6°C) and 9.2 (-42.6°C) km. The total ice crystal concentration changed 
from 5.5 l~ l (7.6 km) to a maximum of 22.5 l~ l (8.8 km) where peak vertical velocities 
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are found from the calculations based on aircraft and rawinsonde measurements. The ice 
water content values of 10~ 3 to 10~ 2 g m -3 through the cloud layer are significantly lower 
than found in convective cirrus, obviously as a result of weaker vertical motions. 

The peak velocity from the VAD technique with 60 degree elevation angle was about 
34 cm s~ l at about 7.4 km but with 30 and 40 degree elevation angles was only about 14 
cm s~ l at 7.3 km ASL (see Figure 2) while vertical velocities changed from 9 cm s -1 at the 
cloud base to 0 cm s -t at the cloud top. The calculated air velocities from the aircraft in- 
situ measurements showed a peak (10 cm s -1 ) at about 8.8 km where the highest calculated 
ice crystal growth rates (about 0.2 x 10~ 4 g m -3 s -1 ), ice supersaturation 42% and relative 
humidity with respect to water of 94% were found. The calculated vertical velocities are 
similar to that are found by HEYMSFIELD (1975), in thin ice clouds, ranging from 2- 
10 cm s -1 in frontal overrunning systems to 25-50 cm s" 1 in clouds associated with closed 
lows aloft, longitudinal rolls and isolated convective cells. Maximum vertical air velocity 
derived from the triangle technique (BELLAMY, 1949) using three rawinsondes along 
baselines of approximately 200 km was found of about 15 cm s -1 (at 8.8 km) in the cirrus 
cloud layer (see Figure 2). Differences in derived vertical velocities between the triangle, 
Doppler lidar, and aircraft techniques can be attributed to scale effects. 
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1. Introduction 

One of the main objectives of the First In- 
ternational Satellite Cloud Climatology Project 
(ISCCP) Regional Experiment (FIRE) is to pro- 
vide a better understanding of the physics of 
upper level clouds. There are a number of fac- 
tors that have complicated the study of these 
clouds leaving our present understanding of up- 
per level clouds in a less than satisfactory state. 
One factor is simply the distance of the clouds 
from the surface. It is easier to study a low-level 
cloud system because of their proximity to the 
ground. Added to this observational problem is 
the fact that clouds in the upper troposphere 
seem to be governed by an intricate balance of 
not so well understood phenomena. Among the 
factors that have added to the complexity of the 
problem is the fact that particles are no longer 
spherical and both the solid and liquid water 
phases may coexist. Turbulence develops in the 
stable layer environment with its line scales of 
vertical motion. Horizontal eddies (two dimen- 
sional turbulence) may be important for cloud 
morphology, and a host of interactions between 
gravity waves, turbulence, radiation, and micro- 
physics all seem possible. 

This paper concentrates on just one specific 
aspect of cirrus physics, namely on character- 
izing the radiative properties of single, non- 
spherical ice particles. While focused in this 
way, this study provides the basis for further 
more extensive studies of the radiative transfer 
through upper level clouds. Radiation provides 
a potential mechanism for strong feedback be- 
tween the divergence of in-cloud radiative flux 
and the cloud microphysics and ultimately on 
the dynamics of the cloud. 

We will firstly describe some aspects of ice 


cloud microphysics that are relevant to the ra- 
diation calculations. Next, the Discrete Dipole 
Approximation (DDA) is introduced and some 
new results of scattering by irregular crystals 
are presented. We also adopt the Anomalous 
Diffraction Theory (ADT) to investigate the 
scattering properties of even larger crystals. In 
this way we are able to determine the scatter- 
ing properties of non spherical particles over a 
range of particle sizes. The study reported here 
is still preliminary and at the time of writing 
this abstract, the results are incomplete. We 
aim to incorporate the microphysics data col- 
lected during FIRE into these calculations and 
in a companion study plan to use these scat- 
tering properties to determine cloud radiative 
heating rates. 

2. Cloud microphysics 

Characterizing the shape and size of ice crys- 
tals in terms of their environment continues to 
be a subject of extensive research. For envi- 
ronments typical of cirrus clouds and for even 
the colder environments of polar stratospheric 
clouds (PSC’s), ice exists in single- and poly- 
crystalline forms. The more commonly per- 
ceived large composite crystals, of the order of 
500/zm, are actually observed more readily at 
lower temperatures. Crystal sizes of the order 
of 10 fim and Ifim are, respectively, more repre- 
sentative of high cirrus in the tropics (Heyms- 
field, 1986) and PSC’s (Rosen e* ol, 1988). To 
emphasize this point we present the variation of 
crystal shape drawn in proportion to their size 
in Fig. 1 over the temperature range — 20°C to 
— 90°C. The crystals at cirrus temperatures, say 
— 40°C, are hexagonal columns although varia- 
tions of this type of crystal exist in the form of 
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hexagonal bullets and hollow columns. In this 
study we will focus only on single solid hexag- 
onal crystals although the foundation to study 
crystals of more complex shape has been devel- 
oped. 



Fig. 1 Typical sizes of ice crystals encountered 
in the temperature range (-20, — 90) °C. The 
crystal sizes are approximately drawn to scale . 
Notice that the warm cirrus particle (all hatched 
in the low part of the diagram) is so large that 
only part is presented. 


3. Integral formulation of Maxwell equations 
and its approximation 

Only a very brief outline of the scattering 
methods are described here. We begin with 
Maxwell equations written in the integral form 
(Saxon, 1955) 

E(x) = E 0 (x) + 4nk 2 

X / G(x,x') • ~ 1 * E(x') d V (1) 

J 4jr 

where Eo(x) is the incident electric field, e(x) 


is a dielectric tensor, and Green’s function is 
defined as 


,ikr 


G(x,x') = (l-«)|^ 


+ (3rr 1) ( fc2r2 jbj .) 


e ikr 

4wr 


( 2 ) 


where r = x — x / , r = |x — x'|, and r = r/r. 
Boldfaced 1 is a unit matrix, and rr is a dyadic 
(or tensor) multiplication of two unit vectors r. 
The incident electric field Eo(x) is 

E 0 (*) = E 0 ee iki * (3) 

where e is a unit vector specifying the wave’s 
polarization, E 0 is the intensity of incident 
wave, k is a unit vector defining the wave 
propagation, k == 27r/A, and A is wavelength. 
We now seek a solution of this integral equa- 
tion to obtain the electric field and all the 
relevant scattering properties follow from this 
solution. Unfortunately, the integral (Fred- 
holm) equation (1) is not easily solvable al- 
though it is amenable to a variety of approx- 
imations commonly used in scattering prob- 
lems. In fact the approximate methods such 
as the Rayleigh approximation (also known as 
the Rayleigh-Gans- Debye (RGD), the Rayleigh- 
Gans-Rocard or the Kirchoff or the first Bom 
approximation), the second and higher Bom 
approximations, Anomalous Diffraction Theory 
(ADT) also known as High Energy Approxima- 
tion (HEA) or the equivalent WKB method, 
the Discrete Dipole Approximation (DDA) and 
the Extended Boundary Method can all be de- 
rived directly from (l) (Saxon, 1955; Flatau and 
Stephens, 1988b). 


4. Discrete Dipole Approximation 

A useful and general way to solve (1) is to dis- 
cretize the integral term thus reducing the in- 
tegral equation to a linear system of equations. 
In the DDA approximation one assumes that 
each volume element may be replaced by a point 
dipole, whose (tensor) polarizability is related 
to the volume of the element and the dielectric 
tensor using the Clausius-Mossotti relations, 
corrected for the effects of radiative reaction. 
Each of the dipoles acquires a (time- dependent) 
polarization in response to the electric field at 
the position of the dipole, which includes con- 
tributions from all of the other dipoles plus the 
incident wave. This is the approach of the DDA 
as originally formulated by deVoe (1964) and 
Purcell and Pennypacker (1973). Consider our 
hexagonal crystal in this instance divided into 
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N discrete domains of volume Vj (Fig. 2) cen- 
tered around point xj, where j = 1 
The volume of such sin elementary domain is 


Vj = 


V 

N 


( 4 ) 


where V is the volume of the particle, and N 
is the number of domains. Thus we are able to 
form a set of 3 N equations from (1) since there 
are three components of the B field at each x*. 
The resulting equation set can then be repre- 
sented in the form 


AV = € 0 (5) 


where P is the 3N- dimensional vector whose el- 
ements are the dipole moments of the N dipoles. 
For further details of the matrix structure and 
computational solution procedures the inter- 
ested reader can consult the recent work of 
Draine (1988). The electric field everywhere in 
the three-dimensional space is given in terms 
of the structure matrix A which depends only 
on particle’s shape, refractive index and inci- 
dent wavelength but is independent of the direc- 
tion and polarization of the incident wave Eo(x). 
Once V is determined then single scattering 
properties of the particle can be derived from 
the relationships reported by Draine (1988). 



Fig. 2 Hexagonal discrete dipole arrays with 
N — 384. Higher resolution was actually used, 
see text for further comments . 

The DDA method has been applied to calcu- 
late the scattering properties of small hexago- 
nal ice crystals. Figure 2 presented the discrete 
dipole array for N — 384 dipoles but for the cal- 
culations reported in this paper actually used 
2208 dipoles. The wavelength of X = 3.8pm 
and the corresponding value for the refractive 
index of ice m = 1.38 + *0.0067 was employed 


as was A == 10.8 pm with a corresponding value 
m = 1.089 + *0.182. The wavelengths rep- 
resent near infrared and infrared regions with 
small and relatively large absorption, respec- 
tively and correspond to central wavelengths of 
the AVHRR imager. The 10.8 pm wavelength 
is also a relevant wavelength for application to 
CO 2 lidar studies. 

The scattered intensity is presented in Fig. 3 
as a function of scattering angle for two scat- 
tering planes, one perpendicular to E 0 and the 
other parallel to Eq. 



Fig. 3 Intensities for hexagonal ice for an in- 
cident wave perpendicular to the crystal (aver- 
age) and A = 3.8 pm. Results for two scattering 
planes are presented . Crystal length L = 8pm, 
crystal radius a = 2 pm. N = 2208 discrete 
dipoles were used . 

The incident direction was taken to be normal 
to the L-axis of the hexagon, the length of the 
crystal used in the calculations is specified by 
L % and the aspect ratio is defined as p = L/2a 
where 2a is the width of the crystal. Results are 
shown for two cases: incident electric field par- 
allel to, and perpendicular to, the L-axis of the 
hexagon. Because the hexagon is not rotation- 
ally symmetric, the scattering problem depends 
upon the orientation of the hexagon. Two cases 
have been considered: (1) with the hexagon ori- 
ented so that the k vector is normal to one of the 
6 rectangular faces, and (2) with the hexagon 
rotated by 30 degrees, so that the k vector is 
parallel to a line connecting a vertex to the cen- 
ter of the hexagon. (Each of these two cases 
has reflection symmetry wliich greatly reduces 
the amount of computing required to obtain a 
solution). The scattering intensities shown in 
Figures 3 and 4 are the averages of the scatter- 
ing intensities for the above two cases. 
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Fig. 4 Same as Fig . 3 but for A = 10.8/zm. 
Crystal length L — 8/im, crystal radius a = 
2/xm. 

Figure 5 shows the results of the Mie calcula- 
tion for a sphere with a volume equal to that of 
the hexagonal crystal. The intensities |/|jj and 

j/l^ are presented here as a function of scatter- 
ing angle and 


i/i ! = f 


dC,ca 

da 


( 6 ) 


(see e.g. Bohren said Huffman, 1983). There sire 
several features worthy of mention in comparing 
between Figs. 3, 4 and 5. For example the 
backscatter linear polarization, defined as 


6(6 


180) = l/lK g = 180) - |/|jj(fl = 180) 
|/li(0 = 180) + |/|j(0 = 180) 


( ? ) 

is non- vanishing in case of hexagonals as com- 
pared to a zero depolarization for spheres. This 
is a well known characteristic of scattering by 
non-spherical particles but the quantitative re- 
lationship between 6 and particle shape has 
never been convincingly established. The first 
minimum in intensity doesn’t correspond to the 
Mie case, thus indicating that care has to be 
taken when interpreting results from the for- 
ward scattering PMS probes. This again is well 
established experimentally fact but its theoret- 
ical confirmation has to date been scarce. It 
seems that the extinction can be modelled, as 


it usually is, using a sphere of equivalent vol- 
ume or surface, and we plan to perform more 
detailed calculations for the angularly averaged 
case. 



Fig. 5 Mie results for equivalent volume spheres 
r = 3.41/im, and A = 3.8 jun. 


5. Anomalous Diffraction Theory 

The anomalous diffraction theory (ADT) be- 
longs to the broad class of approximations (to- 
gether with the Rayleigh-Gans-Debye or Bom 
expansions for example) in which one makes 
some assumption about the electric field under 
the integral of (1). This was noticed by Saxon 
(1955) and derived independently by van de 
Hulst (1957) on the basis of geometrical optics 
and diffraction. In the present context one as- 
sumes that the electric field inside the particle 
is given by 


E(x) = Eoeexp [tfck • (b + e z z) - x(b,z)j (8) 

where x(b, z) corresponds to the phase change 
due to the cnanged refractive index inside the 
particle. The impact vector b is perpendicu- 
lar to the z axis (see Fig. 6). The explicit 
formulation of x(b, z) and relation of ADT to 
other theories such as High Energy Approxi- 
mation and DDA is contained in Flatau and 
Stephens (1988). The anomalous diffraction 
theory (ADT) (Stephens, 1984) holds for par- 
ticles with a refractive index close to unity 
(m — 1) 1 and for a particle with a size to 
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wavelength ratio z > 1< Since the index of re* 
fraction is close to 1, the problem of total extinc- 
tion in the ADT theory reduces to calculations 
of the interference between the almost straight 
transmission and the light diffracted according 
to Huygens’ principle. 



Fig. 6 Geometry for Anomalous Diffraction 
Theory calculations, b is an impact parameter, 
r the position vector, k the direction of plane 
wave. The shadow area is in the far field and 
only forward scattering is considered here. 



Fig. 7 Extinction efficiency (convening or os- 
cillating around 2 for large phase shift values) 
and absorption efficiency for hexagonal ice crys- 
tals for 3 different values of complex refractive 
index as a function of phase shift. 

Thus, in the anomalous diffraction approxi- 
mation, the forward scattering amplitude S(0) 


is given by 

*<*-*>- £/>-'■*■)" (9) 
where ft* — kd(m — 1), d is the particle thick- 
ness, and m is the complex refraction: m = 
n - in'. The quantity ft* is the complex phase 
shift of light passing through the particle rela- 
tive to that passing around it. The kdn 1 term 
contributes to absorptive attenuation. 

The extinction ana absorption coefficients are 
defined as 

C e «t e"** ) dA (10) 

and 

Caht = ( 1_ e ‘ iWn ) dA < u ) 
and the single scattering albedo is 

Oext ~ 

" “ Cext % 

Therefore application of the ADT requires the 
relatively straight forward determination of the 
path length through the particle and evaluation 
of integrals for C** and C^. Notice that (8) is 
more general because it provides, in principle, 
the full phase function. Calculations of C exty 
Cakt, and or for hexagonal crystals are presented 
in Figs. 7 and 8 using this approximation for the 
geometry depicted in Fig. 6. Full details of the 
method are planned in a forth coming paper and 
we also plan to compare these results, including 
phase functions, with solutions obtained from 
geometric optics and DDA. 




Fig. 8 Single scattering albedo for hexagonal 
ice crystal in ADT approximation for 3 different 
values of complex refractive index . 
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6. Summary 

This paper reports on new calculations of the 
scattering of radiation by hexagonal ice crys- 
tals, Results are presented for small crystals 
which are not only the first of their type but also 
employ methods, to our knowledge, not previ- 
ously used in atmospheric scattering problems. 
Scattering properties of large hexagonal crystals 
were also modelled using more approximate the- 
ories. While the results presented in this paper 
apply only to hexagonal crystals, the methods 
are general and particles of other geometries will 
be considered in further studies. 

The work reported in this paper is prelimi- 
nary and we plan to use the microphysic data 
collected during FIRE into these calculations 
to obtain the optical properties needed in the 
radiative transfer simulations of the cloud flux 
measurements. 
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Cirrus Microphysics and Radiative Transfer: A Case Study 


Stefan A. Kinne NASA-Ames MS 245-3, Moffett Field, CA 94035 
Thomas P. Ackerman Penn State, Dep of Meteorology, PA 16802 
Andrew J. Heymsfield NCAR, P.O.Box 3000, Boulder, CO 80307 


During the Cirrus Intensive Field Operation of FIRE, data 
collected by the NCAR King-Air in the vincinity of Wausau, WI on 
October 28 l were selected to study the influence of Cirrus cloud 
microphysics on radiative transfer and the role of microphysical 
approximations in radiative transfer models. 

The instrumentation of the King-Air provided, aside from 
temperature and wind data, up- and downwelling broadband solar 
and infrared fluxes as well as detailed microphysical data (e.g., 
particle size distributions and two-dimensional particle images). 

The selected case saw the aircraft traverse on seven flight 
legs of constant altitude from the cloud bottom (6km) to the 
cloud top (8km), as indicated in Figure 1. 


FIRE: FLIGHT TRAJECTORIES ( 10 / 28 / 86 ) 



Figure 1 

Trajectories of the NCAR King-Air aircraft on the 28 tn 
of October 1986 between 16.26 and 17.31 GMT. (the digits indicate 
the minutes of the hour, the arrows indicate the direction) 




The aircraft data, supplied every second, are averaged over 
these legs to represent the properties for that altitude. The 
resulting vertical profiles, however, suffer from the fact that 
each leg represents a different cloud column path. Figure 2 shows 
these legs as they appear to a fixed cloud system at 17 GMT. 


FIRE: WIND CORRECTED TRAJECTORIES (10/28/86) 



Figure 2 


Trajectories of the NCAR King-Air (solid line) and the 
NASA ER-2 (dashed line) as they relate to a fixed cloud field at 
17.00 GMT, for the time interval of Figure 1. 


Except for the first leg below the cloud all other flight 
legs pairwise penetrate almost the identical cloud column 
path. This helps to correct any irregularities in the vertical 
profiles of the averaged data and provides information about the 
vertical structure of an individual cloud cell as well. 

Based on the measured microphysical data particle size 
distributions of eaui va lent spheres for each cloud level are 
developed. Accurate radiative transfer (MIE and Matrix-Operator) 
calculations are performed, incorporating atmospheric and 
radiative data from the ground (Wausau) and the stratosphere 
( NASA- ER2 ) . The location of Wausau is indicated in Figure 1, 
while the corrected flight tracks of the ER-2 aircraft are 
displayed in Figure 2. The radiative transfer calculations 
determine solar and infrared fluxes below, in and above the 
cirrus cloud.. 




Comparing calculated to the measured up- and downwelling 
fluxes at the seven cloud levels for both the averaged and the 
three "crossover" data will help to assess the validity of 
particle size and shape approximation as they are frequently used 
to model cirrus-clouds. Once agreement is achieved the model 
results may be applied to determine, in comparison to a clOudfr.ee 
case, the influence of this particular cirrus on the radiation 
budget of the earth atmosphere system. 
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FROM A FIRE IFO CASE STUDY 


K. Sassen , M.K. Griffin and G.C. Dodd 
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From the central Wisconsin IFO field site at Wausau, the University of Utah 
Mobile Polarization Lidar and a surface radiation station from the Lamont- 
Doherty Geological Observatory of Columbia University observed two very tenuous 
cirrus clouds on 21 October 1986. The clouds were present just below the height 
of the tropopause (12.78 km MSL), between -60 to ~70°C. The first cloud was not 
detected visually, and is classified as subvisual cirrus. The second, a rela- 
tively narrow cloud band that was probably the remnants of an aircraft contrail, 
can be termed zenith-subvisual since, although it was invisible in the zenith 
direction, it could be discerned when viewed at lower elevation angles and also 
due to strong solar forward-scattering and corona effects. The observations 
provide an opportunity to assess the threshold cloud optical thickness asso- 
ciated with cirrus cloud visibility. 

. Ruby lidar (0.693 pm) backscattered signals were converted to isotropic 
volume backscatter coefficients (B, km - * sr" 1 ) by applying the pure-molecular 
scattering assumption just below cloud base. The backscattering coefficient B c 
due to the cloud is then obtained and expressed in relation to the molecular 
backscattering coefficient B m in terms of the scattering ratio R = (B m + B c )/B m . 
The linear depolarization ratio 6 - 8 X /B„ for the cloud is computed after 
removing the essentially parallel-polar ized scattering contributions from air 
molecules. The B c values are also applied to determining the cloud optical 
thickness t c through the use of a backscatter-to-extinction ratio k, and the 
concentration of cloud particles using the backscattering gain g, and the effec- 
tive diameter d g of the particles obtained from the analysis of solar corona 
photographs. The sizes of the particles generating the corona are related to 
the angular separations between the centers of the red bands and the sun, as 
described in Sassen (1979), yielding diameters of -25 pm. The direct and 
diffuse components of shortwave radiation fluxes (0.28-2.8 pm), measured by full 
hemispheric pyranometers, were used to compute the nadir optical thickness of 
the total atmosphere x^.. Slight perturbations in the surface fluxes occurred 
during the cirrus passage, and the resultant variations in total optical thick- 
ness were equated with x c . 

Given in Fig. 1 are lidar data in the form of height-versus-time displays 
of the scattering ratio R and linear depolarization ratio 6. To aid in the 
rejection of spurious data dominated by signal noise, 45~m (6 digitized data 
point) averages are used, a threshold of R - 2.5 is employed to define the cloud 
boundaries, and 6 values are computed for R 1 5.0. Both the structure and 
depolarizing properties of the subvisual (15-45-1610) and zenith-subvisual ( 1 625— 


y 


PRECEDING PAGE BLANK KOI FILMED 


85 



1700) cirrus clouds differ significantly. The former cloud displays a layered 
structure and low 6 values, while the latter displays a concentric arrangement 
of scattering ratio contours and 6 values more typical of cirrus. The appear- 
ance of the zenith-subvisual cloud is quite similar to that of long-lasting 
aircraft contrails. The weakly scattering layers that straddle the tropopause 
and extend into the lower stratosphere also appear to be composed of ice 
crystals. 

The t q derived from the lidar and radiometric data are compared in Fig. 2, 
where the time scale of the radiometric data has been offset by 20 min to 
account for the advection time associated with cloud movement (at 16 m s“ l ) 
between the zenith and solar elevation angles. (Note that local noon occurred 
at 1645 GMT). The two passive data records reflect the uncertainty in determin- 
ing a "cloudless" optical thickness from the total atmospheric t* The range of 
lidar-derived t c data values corresponds to the 0.05-0.10 range of k values 
considered appropriate for simple cirrus cloud particles. Although the cloud 
properties could be expected to display spatial and temporal variations, it is 
clear that both analysis methods yield comparable t 0 values. Given the inferred 
sizes of the cloud particles, which are relatively large in comparison to 
visible light wavelengths, differences between the broadband shortwave radio- 
metric and monochromatic lidar data should not be significant. 

Inferences about the microphysical composition of the zenith-subvisual 
cirrus cloud band can be drawn from combined photographic and lidar observa- 
tions. Although the solar corona analysis reveals that the cloud particles must 
have been near-spherical and -25 pm in diameter, the degree of lidar linear 
depolarization (Fig. 1) is consistent with hexagonal ice crystals, indicating 
that the thick-plate ice crystal habit (with axial ratios close to unity) was 
dominant. On the other hand, the subvisual cirrus probed prior to 1 61 0 dis- 
played much lower 6 values and no optical phenomena, indicating differences in 
particle shapes and sizes. Compiled in Table 1 are the derived optical and 
microphysical quantities in terms of mean and maximum values for the aubvisual 
and zenith-subvisual cirrus observation periods. The surface flux.i c corre- 
sponds to the average of the two curves in Fig. 2, and the lidar data are 
derived for k » 0.075 and g - 0.01, The vertical depth of the cloud Az is 
defined with respect to R l 2.5, and N t and represent the concentrations and 
ice mass contents of the clouds based on the 25 pm particle diameter estimate. 

In general, the microphysical properties of the zenith-subvisual cirrus are 
rather similar to those of an aircraft-sampled subvisual tropical cirrus 
(Heymsfleld, 1986). 

With regard to the zenith-subvisual cloud, which is of primary interest, a 
t c * 0.03 value can be assigned as a threshold optical thickness for subvisual- 
versus-visual cirrus. This value compares favorably with the t c - 0.06 reported 
by Platt et al. (1987) for a cirrus that was visible but very hazy in appear- 
ance. With regard to the t c * 0.03 threshold value, it would appear that 
subvisual cirrus could have an impact on radiation transfer that is similar to 
the effects produced by the stronger episodes of stratospheric aerosol loading 
from volcanic eruptions or polar stratospheric clouds. Moreover, recent 
Stratospheric Aerosol and Gas Experiment (SAGE) satellite findings (Woodbury and 
McCormick, 1986) indicate that a category of optically thin cirrus, displaying 
extinction values at 1.0 pm between 8X10* 1 * to .8x1.0"* km -1 , is fairly widespread 
on a global average. This extinction range is comparable to that obtained from 



the B c coefficients for our subvlsual cirrus, suggesting that subvisual cirrus 
may represent a relatively significant component in the radiation balance of the 
earth-atmosphere system. 
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Table 1. Mean and maximum (45 m-average) optical and microphysical properties 
for subvisual and zenith-subvisual cirrus derived from ruby lidar 
(0.694 pm) and surface shortwave (0.28-2.8 pm) flux data. 
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Fig. 1 Height-time displays of lidar scattering ratio R (top) and linear 
depolarisation ratio 6 (bottom) for the subvisual (prior to 1615). 
and zenith- subvisual cirrus clouds located just below the tropopause 
(line at 12.78 km). 



Fig. 2 Comparison of cloud optical thicknesses t c derived from lidar (bars 

for each shot) and surface shortwave radiation flux (continuous lines t 
for two approaches) during the passage of the cirrus. Dashed line 
segments correspond to a 9 min gap in the radiation records. 
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Abstract 


High resolution infrared radiance spectra achieved from the NASA ER2 airborne HIS experiment are 
used to analyze the spectral emissivity properties of CIRRUS cloud within the 8-12um atmospheric 
"window" region. Observations show that the cirrus emissivity generally decreases with increasing 
wavenumber (i.e. , decreasing wavelength) within this band._ A very abrupt decrease in emissivity 
(increase in brightness temperature) exists between 930 cm 1 (10.8um) and 1000 cm"t (lO.Oum), the 
magnitude of the change being associated with the cirrus optical thickness as observed by lidar. The 
HIS observations are consistent with theoretical calculations of the spectral absorption coefficient 
for ice. 

The HIS observations imply that cirrus cloud can be detected unambiguously from the difference in 
brightness temperatures observed within the 8.2um and ll.Oum window regions of the HIRS sounding 
radiometer flying on the operational NOAA satellites. This ability is demonstrated using simultaneous 
25 km resolution HIRS observations and 1 km resolution AVHRR imagery achieved from the NOAA -9 
satellite. Finally, the cirrus cloud location estimates combined with 6. 7um channel moisture imagery 
portray the boundaries of the ice /vapor phase of the upper troposphere moisture. This phase 
distinction is crucial for Infrared radiative transfer considerations for weather and climate models, 
since upper tropospheric water vapor has little effect on the earth's outgoing radiation whereas 
cirrus cloud has a very large attenuating effect. 

1. Importance of Cirrus Detection 

The detection of cirrus clouds from satellites is Important for at least two reasons: (1) the 

monitoring of long-term changes of cloud cover, since cirrus variability greatly Impacts the 
greenhouse effect, and (2) the elimination of infrared radiances observed by sounding radiometers 
effected by cloud prior to the temperature profile retrieval process since undetected cirrus cloud 
contamination leads to a systematic cold bias in the result. 

2. Prior Work 

Several authors have addressed the optically thin cirrus detection problems (Prabahkara, 1987; 
Inoue, 1985, Wu, 1987). Smith et al. (1969), Arking (1985), and Wu (1987) point out that thin cirrus 
cloud can be detected by the difference in brightness temperature observed in the 3. Bum and llum 
window regions because of the different Planck radiant energy dependence upon temperature at these two 
wavelengths. When viewing through thin cirrus, the measured radiance is a function of both the cold 
cloud and warm surface temperatures. Because of the higher ordered dependence of radiance upon 
temperature at 3,8um, the llum brightness temperature will be observed to be lower than the 3.8um 
brightness temperature in the presence of thin cirrus. However, this relationship is not unique in 
that similar differences occur during the daytime due to differential reflected sunlight contributions 
to the two channels and for broken middle or low clouds due to the differential Planck effect. More 
recently, Inoue (1985) and Prabahkara (1987) pointed out that the absorption for ice is larger at 12um 
than at llum so that the "split window" difference (i.e., the difference in brightness temperatures 
observed in the llum and 12um channels of the Advanced Very High Resolution Radiometer (AVHRR) flying 
aboard the operational NOAA satellites) can be used to detect thin cirrus cloud. However, this 
differential relation is net unique either, since water vapor absorption can produce a similar effect. 

3. HIS Observations 


Most recently, spectral radiometric observations of cirrus clouds were achieved during the First 
ISCCP Regional Experiment (FIRE) conducted over southcentral Wisconsin during October -November 1986, 
The observations were conducted with the High resolution Interferometer Sounder (HIS) flying aboard 
the NASA ER2 aircraft. Here we discuss the cirrus observed over Wisconsin on November 2, 1986. As 
shown in the Fig. 1 example, the HIS spectral radiances reveal an increase in cirrus clcud absorption 
and emissivity (decrease in radiating brightness temperature) across the^lQ-Hum window region with a 
very sharp increase taking place between 10 and llum (i.e., 1000-900 cm . HIS observations between 8 
and lOym (not shown) reveal no significant change in cirrus emissivity between 8 and lOum. The HIS 
observations are in good agreement with theoretical calculations of ice absorption by Irvine and 
Pollack (1968) as shown in Fig. 2. (Figures 4 and 5 shew satellite images of the cirrus observed from 
the ER2. ) 
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Fig. 1. A set of 10-12pm window" region cirrus cloud brightness temperature spectral observed from 
the NASA ER2 on November 2, 1986 near Madison, Wisconsin. Also shown is an image of the cirrus cloud 
backscatter between 8 and 12 km (no significant return outside this altitude range) of light pulses 
from a lidar (Spinherne, 1982) also aboard the ER2. The field of view of the HIS corresponding to 
each spectrum is shown above the lidar. 


4, Application to Satellite Observations 


Because water vapor absorption Is generally larger in the 8-9pm window region than within the 
ll-12 u m region, a positive brightness temperature difference between these two window regions is a 
definite indicator of the presence of cirrus cloud. This principal is demonstrated using the 8.2 and 
ll.lum channel observations of the High Resolution Infrared Radiation Sounder (HTRS) radiometer flying 
aboard the polar orbiting NDAA satellites. 

Figure 2 shows the spectral response of the HIRS 11.1pm (H8) and 8.2pm (H10) channels relative to 
the volume absorption coefficient for ice. As can be seen, there should be a significant difference 



X 
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Fig. 2. Volume absorption coefficient for ice and the spectral response of HIRS channels 8 and 10, 





Fig. 3. Scatter diagram of the difference in brightness temperature observed in the HIRS 8,2um (H10) 
and ll.lym (H8) channels as a function of ll.lym (H8) brightness temperature. Positive differences 
indicate the presence of semi-transparent cirrus cloud. 



Fig. 4. An image of cloud cover at 20 GMT on November 2, 1986 as observed by the AVHR3 llun channel 
(Ch4), Superimposed are circles delineating areas of cirrus cloud detected from the HIRS 8.2 and 
ll.lun window channel differences. The crosses denote the gap in earth coverage due to instrumental 
calibration. 


in the brightness temperature observed by these two channels when viewing semi-transparent cirrus 
cloud. Figure 3 shows a scatter diagram of the difference in brightness temperature observed in the 
HIRS 8.2 u m channel (H10) and the HIRS ll/lym channel (H8) as a function of the ll.lym brightness 
temperature observation over the upper midwest on November 2* 1986 (see Fig. 4). As shown, most of 
the observations are free of cirrus clouds as indicated by the negative differences. Apparent cirrus 
cloud conditions, however, do cover a wide range of optical thicknesses as indicated by the wide range 
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Fig. 5. An image of upper tropospheric water vapor and cirrus cloud at 20 GMT on November 2, 1986 as 
observed by the COES-VAS 6.7bm H-O absorption channel. As in Fig. 4, the circles show regions of 
cirrus as detected from the NOAA-HIRS 8. 2um and 11. 1pm brightness temperature difference. 


of ll.lum brightness temperature observations (220-268°K) associated with positive indications of 
cirrus clouds (i.e., plus I110-H8 brightness temperature differences). Assuming a mean surface skin 
temperature of 280°K and a probable cirrus cloud temperature of 220°K, the temperature at the 10 km 
cirrus height depicted by lidar (Fig. 1), the cirrus optical thickness for the ll/lym channel is as 
low as 0.2, indicating that cirrus with transmissivities as high as 80% were detected by the KIRS in 
this case. 

Figure A shows the location (denote by circles) of HIRS detected cirrus superimposed upon an 
AVHRR infrared Image. Because the instrumental noise of the HIRS is about 0.2S°K for typical cloud 
temperatures, a threshold of -0.5°K for the difference was used to discriminate cirrus contaminated 
HIRS fields -of -view. The circles depict the geographical dimension of the 25 km HIRS f ietd-of-viev/. 
Based on comparison with the cloud morphology in the AVHRR Image, the objective cirrus detection 
technique seems to work very well, except when the cirrus occupies only a small portion of the HIRS 
f ield-of-view. 

5. Water Phase Detection 


The combination of 6. 7um, 8.2um, and ll.lum brightness temperature data can be used to 
differentiate between upper level moisture In the vapor phase from that which has sublimated into the 
ice phase. Ibis distinction is very Important with regard to the analysis of the "greenhouse effect" 
on the earth's climate since upper level water vapor is largely transparent to the outgoing radiation 
to space whereas cirrus cloud produces a very large decrease in the radiation to space. 

i 

Upper tropospheric moisture imagery, obtained from 6.7um geostationary satellite measurements is 

routinely used for the depiction of large scale weather patterns. It would be extremely useful to 

have an 8.2Um channel as part of the geostationary imagery system so that the phase of the upper level 
moisture depicted by the 6.7itn channel could be diagnosed. An example of the results which could be 
achieved is generated by superimposing HIRS cirrus cloud depictions over a GOES-VAS 6. 7um moisture 
image obtained at nearly the same tine. Figure 5 shows the result. If one had a time sequence of 

such inferences, the phase change process could be observed , thus providing important measurements of 

upper tropospheric cloud dynamics as well as the upper tropospheric radiative properties important for 
weather and climate analyses. 

6. Additional Considerations 


It is worth noting that cirrus cloud microphysical properties (e.g. , parti cal size distribution) 
might be deduced from the high resolution HIS spectra and the simultaneous lidar observations 
conducted from the ER2 aircraft (an example of which is shown in Fig. 1). The optical thickness, t, 
of the cloud for "window" wavelengths in between gaseous absorption lines can be shown to be given by 
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where 0 Is the absorption coefficient, A7. the geometrical thickness, I Is the observed radiance, T, 
and T . V are the surface and cloud temperature, respectively, and B Is tffe Planck radiance. The ?l 
surface skin temperature T can be observed from neighboring cloud- free f le Ids-of -view and T fs 
taken from a clear sky temperature profile at the cloud altitude depicted by the Ildar. The C g#*oim*t r Ic 
thickness of the cloud AZ is also provided by the Ildar for optically thin cloud (nee Fig. 1). 
Consequently, the combination of HIS and Ildar observations provides a measure of the Infrared 
absorption coefficient spectrum for the cloud. The absorption coefficient Is related to the cloud 
particle properties through the relation 


* K(n t n r ) v r 3 N(r) dr (?) 

where K(n,, n r ) Is a function of the Imaginary and real parts of the Index refraction for ice, r is 
the radius of the Ice particles (assumed to be effective spheres) and N(r) Is the size distribution. 
If it is assumed that the size distribution can be expressed as a linear combination of Gaussian 
distributions, i.e.. 


/ Ir - r.MI’ 

N(r) - E nf r. (o) ) exp { / — — - ) , (3) 

1-1 1 2o t * 

then estimates of the size distribution might be obtained by solving for those r.(o) and a. values 
which best satisfy the observed absorption coefficient spectra. This research Is the subject of a 
future paper. 
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Measurements of the upweiling infrared radiance at 10.5 pm and 6.5 pm were ob- 
tained during the FIRE Cirrus Intensive Field Observations using a radiometer with a 15° 
cone nadir field-of-view flown on the NASA Ames ER-2. Data is recorded at a frequency 
of 1 Hertz and the radiometer is continuously calibrated with a liquid nitrogen black- body 
source, thereby providing a large number of very accurate radiance values during the course 
of a several hour flight. For this study, we are particularly concerned with the statistical 
properties of the cirrus deck as deduced from the radiance data. We have focused primarily 
on the data acquired on 28 October 1986, but also show some data from other flights for 
comparison purposes. 

A histogram of the 10.5 pm brightness temperatures obtained on 28 October be- 
tween approximately 15:30 and 19:00 GMT is shown in Figure 1. (Brightness temperature 
is defined as the temperature of a black body that would emit the observed radiance in 
the same spectral interval.) The distribution shows two distinct peaks. The narrow peak 
at the higher end represents the range of surface temperatures observed during the flight, 
with the additional possibility of some observations of very thin cirrus. The broader distri- 
bution of colder temperatures represents the distribution of cirrus optical depths ranging 
from relatively thin to optically thick values. Comparison of cloud heights as deduced 
from the airborne lidar data (J. Spinhirne, personal communication) and radiosonde pro- 
files (D. Starr, personal communication) show that the actual temperature of the cloud 
deck was on the order of 235 K . This is quite consistent with the lowest observed brightness 
temperatures, indicating that the cloud was optically thick in places. 

If we neglect any atmospheric emission at 10 pm, we can estimate the cirrus optical 
depth from the simple relationship: 

Bg — Bse~ r + Bc{ 1 — e -r ) + Bs&s — Bcf>c- 

Here Be is the measured radiance, B$ is the surface emission, Be is the cloud emission, 
and t is the cirrus optical depth. Because ice crystals scatter as well as absorb infrared 
radiation, correction terms for scatter into the radiometer field of view, S s , and for reduced 
emission from the cloud, 6 C , must be included. These correction terms are calculated with 
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Figure 1: Histogram of 10.5 /*m brightness temperatures (in degrees Kelvin) obtained on 
28 October, 1986. The bars represent 2K temperature increments and the vertical axis is 
the fraction of the total observations falling into the given bin. 
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Figure 2: Cirrus 10 pm optical depth inferred from the observed brightness temperature 
distribution. The vertical axis is the fraction of total observations falling into the given 
bin. 

a simple radiance model incorporating a two-stream source term. A trial value of r is 
calculated assuming no scatter and the equation is then solved iteratively and converges 
in a few iterations. 

The results of the optical depth inversion process applied to the distribution in 
Figure 1 is shown in Figure 2. Here we have assumed that the actual cloud temperature is 
given by the lowest observed brightness temperature and the actual surface temperature by 
the highest observed temperature. The latter assumption produces the probably spurious 
peak of very low optical depths seen in Figure 2. The broad distribution of optical depths 
appears to be approximately log-normal in shape with a geometric mean of about 0.9. The 
inversion process is uncertain at large optical depths (since the e~ r terms tend to 0), so 
we truncate the distribution at optical depths of about 5. 

Given a distribution of optical depths, the atmospheric temperature profile, and the 
location of the cirrus layer, we can then compute the infrared exchange and atmospheric 
heating rates. We have used a faulti-spectral, two-stream code to compute the broad- band 
infrared heating rates in the cirrus layer as a function of optical depth. The results of these 
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caicuiations arc compared to the upweiling infrared flux measurements obtained from the 
ER-2. 


Finally, we have carried out similiar analyses for the entire 6.5 /tm data record and 
for sub-sections of the 28 October flight, as well as for some of the other cirrus 1FO flights. 
We show that the distributions of brightness temperature and optical depth vary with time 
and synoptic situation. 
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Several aircraft were employed during the FIRE Cirrus EFO in order to make nearly 
simultaneous observations of cloud properties and fluxes. We have analyzed a segment of 
the flight data collected on 28 October 1988 during which the NASA Ames ER-2 overflew 
the NCAR KingAir. The ER-2 flew at high altitude making observations of visible and 
infrared radiances and infrared flux and cloud height and thickness. During this segment, 
the KingAir flew just above cloud base observations of ice crystal size and shape, local 
meteorological variables, and infrared fluxes. While the two aircraft did not collect data 
exactly coincident in space and time, they did make observations within a few minutes of 
each other, which is about the best that can be managed with two such disparate aircraft. 

For this case study, we are primarily concerned with the infrared radiation balance 
of the cirrus layer. Observations of the upwelling 10 /im radiance, made from the ER-2, can 
be used to deduce the 10 optical depth of the layer. The upwelling broad-band infrared 
flux is also measured from the ER-2. At the same time, the upwelling and downwelling 
infrared flux at cloud base is obtained from the KingAir measurements. Information on 
cloud microphysics (size distribution and crystal habit) is also available from the KingAir. 
Using this data in conjunction with atmospheric temperature and humidity profiles from 
local radiosondes, the necessary inputs for an infrared radiative transfer model can be 
developed. 

Infrared radiative transfer calculations are carried out with a multi-spectral two- 
stream model. The model fluxes at cloud base and at 19 km are then compared with 
the aircraft observations to determine whether the model is performing well. Cloud layer 
heating rates can then be computed from the radiation exchange. 
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I. Introduction 

The airborne lidar and radiometers which were flown during 
the FIRE cirrus and marine stratus field experiments had 
multiple objectives. Cloud parameters of direct interest , such 
as cirrus infrared emittance or convective scales for marine 
stratus, may be derived from the observations and analyzed 
along with the available cloud physics and meteorological 
observations. Additionally however a stated goal of the FIRE 
studies was to validate satellite cloud retrievals. To this 
end a number of derived products are to be available from the 
basic lidar and radiometer observations. The characteristics 
of the derived products will be described, and in addition 
analysis results for cloud radiometric and structure parameters 
will be presented. This extended abstract will be used to 
describe the available data products, and the associated 
presentation will emphasize case study analysis results. 

II. Lidar Observations 

A basic parameter from the ER-2 lidar observations is 
cloud top height and structure, and calculated cloud height and 
the attenuated backscatter profiles are to be made available as 
derived products. Calculated cloud height with aircraft 
navigation is to be available for all days through NCDS. 
Backscatter files will be made available on request. However, 



Fig. 1 Lidar data from cirrus from October 22,1988 as a 
function of height in km and time. 



application of the data products requires understanding of the 
data characteristics and the calculation procedure. In the 
case of cloud height , for cirrus the height derivation from 
lidar data is not necessarily unambiguous. Lidar return data 
is illustrated in Fig. 1 for a partial flight line from October 
22, 1988. The gray scale intensity in Fig, 1 represents the 
log of the return signal. In principle the cloud height may be 
determined from the discontinuity of the scattered signal. On 
a shot by shot basis for thin clouds, however, the calculation 
is not direct. A single laser return at full bandwidth is 
shown in Fig. 2. The signal is from the beginning 
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of the flight line in Pig. 1, and contains a dense shallov 
cloud and diffuse extended cloud. The fluctuations of the 
signal are due to background signal noise vhich is proportional 
to the square root of the bandwidth. A high bandwidth for the 
received signal is required in order to correctly measure 
scattering from dense clouds. However thin clouds will be 
obscured by the noise associated with high bandwidth and 
filtering is required. In Pig. 3 the signal has been filtered 
to a 375 m. vertical resolution. The thin lower cloud layer 
becomes apparent , but the peak signal of the upper dense layer 
has been distorted. 

For the cloud top detection, a simple threshold detection 
would miss thin layers or produce spurious results. The 
detection algorithm applies a sequence of smoothing filters 
each with an associated threshold starting at the greatest 
smoothing. Both detection of thin clouds and a more accurate 
top height for dense clouds is obtained. Since both 
corrections for the aircraft pressure altitude and pitch and 
roll are applied, absolute height accuracy is less than 15 m 
for dense clouds such as marine stratus. The minimum 
scattering discontinuity at which a thin cloud may be detected 
is approximately at a backscatter cross section five times 
above molecular scattering. However the height detection does 
not acquire all cloud tops. The height determination for the 



Fig. 4 Derived cirrus cloud top height. 




data of Pig. 1 is given in Fig. 4. For the thin extended cloud 
layer, the height is found as a distribution of values through 
the layer . 

The lidar attenuated backscatter result for a single laser 
return is in similar form to the signal as shown in the second 
figure. The total signal is a sum of the scattered signal plus 
an offset from the ambient background. The signal in Fig. 2 has 
had the offset subtracted. In order to obtain the attenuated 
backscatter values with units of ( 1/km-sr ) the scattered signal 
is scaled by an appropriate constant. The constant is derived 
from the high altitude molecular scattering. In order to apply 
the lidar attenuated backscatter for any given application, 
filtering appropriate to the application must be applied. 

III. Radiometer Observations 

There were two separate cross track scanning, multi- 
wavelength radiometers on the ER-2 for the FIRE observation 
flights. A description of the wavelengths and operating 
parameters for the Multi-spectral Cloud Radiometer and the 
Daedalus Cloud Radiometer have been given in the FIRE working 
documents. The raw data is in the form of intensity 

proportional digital counts as a function of time and scan 
angle. The basic derived parameter is the radiometric 
intensity and the related cloud reflectance which requires a 
calibration constant for each radiometric channel. For the 
thermal channels the calibration is directly obtained from 
on board black bodies. In the case of visible and near 
infrared channels, the calibration is derived from standard 
integrating spheres. Initial results from calibration with a 
single integrating sphere indicated errors as large as 30%. 
However three separate integrating spheres were involved in the 
calibrations and an inter analysis could be applied to obtain 
more correct results. Data from the MCR is processed and 
available as radiance values with integrated aircraft 
navigation. Currently DCR observations can be requested as 

files containing any subset of wavelength channels but must be 
merged separately with calibration and navigation data. 

VI . Analysis 

Analysis of results for the cirrus case study of October 
28 have been emphasized. The cloud emittance, transmittance, 
reflectivity and cross sections are derived from combined 
analysis of the lidar and radiometer data. Parameters are 
related to height structure and temperature. Some surprising 
structure for cirrus as been observed, for example the shallow 
but very dense layers embedded in generally diffuse layers as 
seen in Fig. 1. Marine stratocumulus cloud top height and 
liquid water distribution has been analyzed (see abstract by 
Boers and Spinhirne). 
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IDENTIFICATION OF CIRRUS OVER WAUSAU DURING THE 1 986 FIRE IFO 
FROM GROUND-BASED RADIOMETER DATA 


David A. Robinson 

Department of Geography 
Rutgers, The State University 
New Brunswick, NJ 08903 

Allan Frei 

Lamont-Doherty Geological Observatory of Columbia University 
Palisades, New York 10964 


The potential of using irradiation data to indicate episodes of cirrus cloudiness during the 
day light hours is explored here. Thresholds separating cirrus from other clouds and clear 
skies are determined using four days of irradiation data, hourly weather observations, sky 
photographs, sky video and occasional lidar observations. Data were gathered during the First 
International Satellite Cloud Climatology Program (ISCCP) Regional Experiment (FIRE) 
Intensive Field Observations (IFO) cirrus project. Thresholds are tested using data from the 
remaining 17 days of the IFO. Cirrus episodes are defined as intervals when the sky cover is 
primarily cirrus. 

Measurements of incoming shortwave (0.28-2.80pm) and near infrared (0.7-2.80pm) 
full hemispheric and diffuse irradiation, and atmospheric infrared irradiation (4.0-50.0|im), 
were made at the Wausau, Wisconsin Municipal Airport. Data were collected between October 
13 and November 2, 1986 and are one minute averages of ten second samples. Less than 5% of 
the data are missing. The Eppley Precision Spectral Pyranometers and the Eppley Pyrgeometer 
were calibrated with Colorado State University instruments at Madison, Wl immediately prior 
to their installation at Wausau. Pyrgeometer output contains an adjustment for body 
temperature but not for dome temperature. In addition to the raw irradiances collected, 
variables derived from these daja are analyzed. Ones which proved to be most useful are: 
shortwave transmissivity, optical depth in the shortwave, fraction of full shortwave which is 
diffuse, the ratio of near infrared diffuse radiation to visible diffuse radiation, the ratio of full 
near infrared to full visible, and infrared irradiation. 

Data from October 23rd and from October 27-29 were used for threshold determination. On 
the 23rd skies were heavily overcast. Thin cirrus associated with an approaching warm front 
covered the sky on the 27th. This episode of cirrus continued through the 28th, however 
throughout most of this day the cirrus were obscured at the observation site by stratus clouds 
with bases of approximately 3.5km. Skies were primarily clear on the 29th. Figure 1 shows 
time series of irradiation data and irradiation-derived variables within two hours of solar noon 
on these dates. At this preliminary stage of the investigation only midday hours are considered 
in order to minimize the influence of changes in solar zenith angle on the parameter. 

Using weather observations, lidar output, photographs and video, sky conditions were 
grouped into three categories: non-cirrus cloudy: cirrus and clear. Irradiation data from all 
periods falling under each of the sky categories were then examined and thresholds denoting a 
change from one sky category to another were determined. Variables with only a small amount 
of overlap between sky categories were selected as key indicators. They are listed in Table 1 
along with the delimiting thresholds. Variables such as shortwave irradiation, shortwave 
transmissivity and the ratio of near infrared diffuse to visible diffuse proved inconclusive in 
terms of distinguishing between cirrus and non-cirrus clouds and/or cirrus and clear 
conditions. For instance, a shortwave transmissivity threshold of 0.67 separates non cirrus 



Figure 1. Mid-day irradiances and associated atmospheric variables at Wausau, Wl on October 
23 (cloudy), 27 (cirrus), 28 (variable) and 29 (clear), 1986, Time in GMT (local+6). 
Data are missing after 17:45 on the 27th and before 16:30 on the 28th. 
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Table 1, Thresholds delimiting non cirrus cloud, cirrus and clear sky conditions. 


INDIC ATOR CIRRUS /NON-CIRRUS* 


shortwave transmissivity 
fraction shortwave diffuse 
shortwave optical depth 
near infrared/visible 
nir diffuse / vis diffuse 
infrared irradiation 


£ 0.67 
£ 0.30 
<1 0.30 

i 1.0.0 

inconclusive 
< 2 . 320 watts/m 2 


‘sign refers to what constitutes cirrus 


CIRRUS/CLEAR* 

inconclusive 
^ 0.15 
i 0.24 
^ 1.10 
> 0.12 

i 260 watts/m 2 


clouds from cirrus quite well, however it is difficult to distinguish cirrus from clear skies 
using transmissivity. This appears to be due to: difficulties in differentiating between cirrus 
and clear in the visual observations, photos and video; lack of a specific broad-band shortwave 
signature which distinguishes cirrus from lower level haze; and to the zenith angle dependance 
of transmissivity. 

Spot checks with other data such as weather service observations, photos, video and lidar 
indicate that the thresholds listed in Table 1 work quite well on all IFO days. At all times when 
conclusive evidence from more than one of these sources is available, there is agreement with 
the threshold-derived results. During the IFO, there were only three or four days with clear 
episodes, and nine or ten days with at least one short cirrus episode. There were many more 
hours of overcast conditions than either clear or cirrus. Comparisons of the threshold-derived 
results with the other types of evidence show that shortwave optical depth, the fraction of 
shortwave which is diffuse, and shortwave transmissivity seem to be the best indicators for the 
cloudy/cirrus threshold. The best indicators for the cirrus/clear threshold seem to be the ratio 
of near-infrared diffuse to visible diffuse radiation, shortwave optical depth, the fraction of 
shortwave which is diffuse, and infrared irradiation. 
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The distribution of sky categories as determined by the indicator thresholds is shown for two 
study days (figure 2). The top graph in each figure shows intervals where clear skies or cirrus 
were present, the bottom where dear skies occurred. On October 20 there was a non-cirrus 
cloud episode between approximately 18:00 and 20:00 GMT. Cirrus were prevalent between 
15:00 and 18:00 and from 20:00 to 21:00, as suggested by the lack of strong clear indicators 
throughout these times. The cirrus may occasionally have been thick or obscured by lower- 
level clouds, as there are breaks in the indicators during the primarily cirrus intervals. 

On the 17th skies were cloudy in the morning then cleared up in the afternoon. Most of the 
indicators in the top portion of the figure (including all of the best ones) show a cloudy 
morning, with either a cirrus or clear afternoon. The bottom portion of the figure indicates 
that the afternoon was primarily clear, 


Figure 2. Temporal distribution of cirrus or clear skies (top) and clear skies (bottom) at 
Wausau on October 20 and October 17, 1986 as inferred from key indicators. Intervals 
when thresholds were exceeded are marked with X's or lines. 
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ir downwelling i 260 (not satisfied) 
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Work is continuing on this evaluative approach. This includes the development of multi- 
indicator thresholds and extending them to early and late day periods. In the future, data 
gathered at our Extended Time/Limited Area observation site in Palisades, NY will be used to 
test the algorithms and make necessary adjustments based on potential site and seasonal 
differences. 


Acknowledgment: This work is supported by NASA grant NAG-1 -653. 
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INTERPRETATION OF SATELLITE-MEASURED BIDIRECTIONAL 
REFLECTANCE FROM CIRRUS CLOUDY ATMOSPHERES 

Y. Takano, K.N. Liou, and P. Minnis 
University of Utah 
Salt Lake City, Utah 84112 

Abstract 

The present paper is concerned with the interpretation of 
the observed bidirectional reflectance from cirrus cloudy 
atmospheres. We have developed a theoretical model for the 
computation of the transfer of solar radiation in an 
anisotropic medium with particular applications to oriented 
ice crystals in cirrus clouds. In this model, the adding 
principle for radiative transfer has been used with 
modifications to account for the anisotropy of scattering 
particles and the associated scattering phase matrix. We have 
used the single-scattering properties, including the phase 
function, single-scattering albedo, and extinction cross- 
section, for randomly and horizontally oriented hexagonal ice 
crystals in radiative transfer computations. 

Figure 1 shows the reflected and transmitted (diffuse) 
intensities for randomly oriented ice columns with a 
length/diameter ratio of 125/50 pm and area-equivalent ice 
spheres as a function of the zenith angle e for an overhead 
sun. Significant differences between the reflected intensities 
for ice columns and spheres are evident. Ice spheres produce a 
peak intensity at 6 = 45°, associated with a combination of 

primary and secondary rainbow features due to single- 
scattering. However, ice columns have larger reflected 
intensities in other zenith angle regions. In the transmitted 
intensity pattern, the 22° and 46° halo features produced by 
ice columns are very distinct for small optical depths, but 
they disappear when the optical depth is greater than about 16. 

We have modified the radiative transfer model devleoped 
for cirrus clouds to account for the scattering contributions 
from the atmosphere and the surface. In order to test the 
relevance and significance of the ice crystal model for the 
interpretation of observed bidirectional reflectance from 
satellites, we have selected visible (0.55 - 0.75 pm) 

radiances collected on the half hour by the GOES series. The 
data will be calibrated and corrected with the proper filter 
functions, then navigated to match selected landmark data. A 
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number of clear and cloudy cases during the cirrus IFO of the 
FIRE experiment have been chosen for theoretical analyses. 
The cloud particle shape and size distributions that were 
taken during satellite overpasses are used in radiative 
transfer calculations. The sensitivities of the shape, 
orientation, and size distribution of ice crystals on the 
reflected intensities at the top of the atmosphere are 
investigated. Finally, the relative importance of these cloud 
microphysical properties in the interpretation of satellite 
bidirectional reflectance are assessed and presented. 
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COMPARISON OF NOAA-9 ERBE MEASUREMENTS WITH 
CIRRUS IFO SATELLITE AND AIRCRAFT MEASUREMENTS 

Steven A. Ackerman 1 . Hyosang Chung 1 , Stephen K. Cox 3 
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ABSTRACT 

Earth Radiation Budget Experiment measurements onboard the NOAA-9 are compared for 
consistency with satellite and aircraft measurements made during the Cirrus IFO of October 
19SG. ERBE scene identification is compared with NOAA-9 TIROS Operational Vertical Sounder 
(TOYS) cloud retrievals; results from the ERBE spectral inversion algorithms are compared with 
HIS measurements; and ERBE radiant cxitance measurements are compared with aircraft radiative 
flux measurements. 

INTRODUCTION 

The Cirrus IFO included measurements made onboard satellites, research aircraft, weather 
balloons as well as on the ground. An integration of these measurements will be required to fully 
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accomplish the research objectives of the program (Cox et al. t 1987). In this paper consistency 
checks are made between measurements of the Earth Radiation Budget Experiment (ERBE) and 
measurements made on other Cirrus IFO platforms. 


ERBE SCENE ID AND NOAA-9 CLOUD RETRIEVALS 

The ERBE includes shortwave (S W) and longwave (LW) radiance measurements by a scanning 
radiometer. To convert these measurements to radiant exitance at the top of the atmosphere 
requires knowledge of the scene type (e.g. cloud, ocean, desert, partly cloudy). The ERBE 
data management system includes 12 scene types. In the first part of this study, scene types 
from the NOAA-9 ERBE measurements are compared with cloud amount and cloud top pressure 
retrievals using the NOAA-9 TOYS ( Whitlock et. a/, 1988). The spatial resolution of the ERBE is 
approximately 44 x 65 km and nadir. Comparisons are made for four ERBE scene identifications 
(ID); clear (cloud cover < 5%), partly cloud (5% < cloud cover < 50%), mostly cloudy (50% < 
cloud cover < 95%), and overcast (95% < cloud cover). The NOAA-9 TOYS derived cloud top 
pressure are categorized into 100 mb intervals (100-200 mb, 200-300 mb ...) and the effective 
cloud cover is categorized into 10% intervals (0-10%, 10-20%...). Having earth located the TOYS 
cloud retrieval, the nearest ERBE measurement is found and the scene ID noted. The ERBE and 
TOYS geographic locations are generally within 0.3° of each other. The TOYS cloud retrieval is 
then compiled in a cloud top pressure versus effective cloud area histogram. Preliminary analysis 
of 15 time periods in October 1986 are depicted in figure 1, where the number of counts in the 
histogram has been normalized with respect to the category with the maximum count. The total 
count for the clear, partly cloudy, mostly cloudy and overcast scene ID’s are 51, 556, 524 and 160 
respectively. The ERBE determined clear scenes are most often in agreement with the clear scenes 
identified with the TOYS. Good agreement is also exhibited in the overcast category, with thin 
high clouds determined by the ERBE to be overcast. Although the middle level cloud cover seen 
in the mostly cloudy scene ID, doesn’t correspond to an ERBE overcast condition. The partly 
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and mostly cloudy ERBE cases do not exhibit the distribution one might expect. A more detailed 
analysis will be presented at the conference. 

ERBE SPECTRAL CORRECTIONS AND HIS MEASUREMENTS 

The spectral response of the ERBE SW, LW and total channels are inverted to broadband 
radiances in a manner described by Avis et aL, 1984. In this section results from the LW inversion 
algorithms are compared with measurements of the High resolution Interferometer Sounder (HIS) 
(Smith et aL, 1988). To compare the data, a ratio of the NOAA-9 ERBE scanner filtered radiance 
measurements (M/ t |) to the unfiltered measurements (M un /**j) is taken and plotted against the 
unfiltered measurements. The HIS measurements are then used to simulate an ERBE filtered 
(H /;/) and unfiltered (H uri /ti) measurements, where 

f6QQ a 50 

H/i/ = / i/ + I B^TJ^di/ 

J 2000 V600 

a 6G0 r50 

H unfit = / I>+ / B4T)dv 

J 200Q J 600 

where l u is the HIS measured radiance and <f> u is the ERBE spectral response function. The ratio 
II f a to H U n /u is then plotted as a function of H un /ti. The HIS measures do not include contributions 
beyond approximately 600 cm” 1 (16.7 /im). To represent this spectral energy we have assumed 
the Planck function, B„(T), assuming the average equivalent black body temperature determined 
from measured over the spectral region 13001400 cm” 1 . 

Figure d depicts these ratios for the ERBE NOAA-9 (dots) and the HIS (x) measurements. 
The HIS measurements were made on November 2, 1986 over the FIRE region, while the ERBE 
region measurements were made over an eight day period for the region 25°-50° N and 75°- 95° E. 
Both the ERBE and HIS measurements display an increase in the ratio of the filtered to unfiltered 
radiance with increasing radiant exitance, consistent with the filter response function. The ERBE 
data display more scatter than the HIS data, particularly at the low radiances, otherwise the 
agreement is excellent. 
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ERBE AND SABERLINER BROADBAND FLUX MEASUREMENTS 
This comparison study is in progress and will be reported on at the meeting. 
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1. Introduction 

Understanding the impact of cirrus clouds on the global radiation 
budget is essential to determining the role of clouds in the process of 
climate change. The ongoing Earth Radiation Budget Experiment (ERBE) is 
charged with measuring the global radiation balance at the top of the 
atmosphere. The International Satellite Cloud Climatology Project (ISCCP) 
is measuring global cloud amounts and properties over a time frame similar 
to ERBE, Specific cloud properties are absent from the ERBE program, while 
ISCCP lacks the broadband radiances necessary to determine the total 
radiation fields. Together, results from these two global programs have the 
potential for improving the knowledge of the relationship between cirrus 
clouds and the Earth radiation balance. The First ISCCP Regional Experiment 
(FIRE), especially its cirrus Intensive Field Observations (IFO), provides 
opportunities for studying radiation measurements from the ERBE taken over 
areas with known cirrus cloud properties (Starr, 1987 and Cox et al., 1987). 
In this paper, satellite measurements taken during the IFO are used to 
determine the broadband radiation fields over cirrus clouds and to examine 
the relationship between narrowband and broadband radiances over various 
known scenes. The latter constitutes the link between the ERBE and the 
ISCCP. 

2. Analysis 

The analysis presented here concentrates on the ERBE and AVHRR 
(Advanced Very High Resolution Radiometer) data from the NOAA-9 satellite. 
Both of these instruments are cross-track scanners which allows simultaneous 
and coincident comparisons. The 4-km AVHRR pixel data can be spatially 
averaged to match the 40-km ERBE resolution. The other significant 
difference in these two instruments is their spectral bands. ERBE has 
broadband channels of 0.2 to 5.0 pm for shortwave, 5.0 to 50 pm for 
longwave, and 0.2 to 50 pm for total radiation. The three channels allow 
for spectral consistency checks to be made between channels. The AVHRR has 
five narrowband channels, three of which were used in this study: the 0.58 

to 0.68 pm window for visible radiation and a combination of the 10.3 to 
11.3 pm window and the 11.5 to 12.5 pm window for infrared radiation. In 
this study, the IFO region Is defined as a 5° box between 42°N and 47°N and 
87°W and 92°W. It Is analyzed using a 0.5° grid. 

The ERBE broadband radiances are inverted to fluxes at the top of 
the atmosphere by applying angular directional models for scenes identified 
using a maximum likelihood estimator technique (Wielicki and Green, 1988) . 
Geographical scenes are classified as ocean, land, desert, coast, or snow 
with cloud cover categories of clear (0-5%), partly cloudy (5-50%), mostly 
cloudy (50-95%)., or overcast (95-100%) . The hybrid bispectral threshold 
method (HBTM) developed by Minnis et al. (1987) was used to determine cloud 
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amount at low (0-2 km), middle (2-6 km), and high (>6 km) altitudes from the 
AVHRR visible and infrared measurements. 

In order to perform the HBTM analyses, the AVHRR narrowband 
radiances were converted to broadband fluxes following the approach of 
Minnis and Harrison (1984). Figure 1 presents the correlations between the 
BRBE and AVHRR data taken over Wisconsin during seven overpasses within the 
IFO period. The AVHRR data were averaged to match the larger ERBE 
footprints. A linear least-squares fit yielded a root-mean-square (RMS) 
difference of 4.5% in the longwave radiances predicted from the infrared 
(IR) radiances. An RMS difference of 14.5% was found for the shortwave data 
using a quadratic fit in visible counts. These results are consistent with 
Minnis and Harrison (1984) narrowband-broadband correlations of GOES and 
Nimbus -7 ERB data. The longwave correlations also agree with the narrowband- 
broadband correlations of Yang et al, (1987), Clear-sky visible 
reflectance, necessary for application of the HBTM, was predicted for the 
AVHRR using the clear-sky albedo map given by Heck et al. (1988). 

3. Results 

The following results were derived from NOAA-9 data taken during the 
November 2, 1986 overpass of the IFO region. This occurred at approximately 
1405 LT. Solar zenith gngles rgnged from 65° to 70° with satellite viewing 
zenith angles between 1 and 31°. Figure 2 shows the contours of IR 
temperature and visible reflectance from the AVHRR. Total and high cloud 
amounts derived from these data are plotted in Fig. 3. A large area of 
overcast clouds extends from the northwestern corner to the Green Bay area. 
Since no emissivity corrections were applied to the results, only the 
thickest clouds are classified as high-level clouds. Tops of many of th$ 
other clouds probably extended above 6 km, but apparently were not dense 
enough to radiate as blackbodies above the 6-km level. The corresponding 
broadband shortwave albedos and longwave fluxes derived from the ERBE (Fig. 
4) follow the same basic patterns as their narrowband counterparts. IR 
temperatures from AVHRR range from about 282K over clear area^ to 236K ovgr 
the thickest clouds. Longwave flux varies from about 155 Wm" to 260 Wm" . 
Shortwave albedos generally exceed the visible reflectances. 

The inferred broadband shortwave albedos and longwave fluxes derived 
from the AVHRR data are given in Fig. 5. Although the AVHRR reveals much 
more structure in the radiation fields than seen in Fig. 4, the large-scale 
patterns are very similar. On average for this figure, the AVHRR albedos 
are 1% ± 4% less than the ERBE values. AVHRR longwave fluxes are 7 Wm" 
greater ^han the ERBE values. The standard deviation of the flux difference 
is 7 Wm , These differences may be the result of several factors, such as 
uncertainties in the correlations, in the scene -type selection, and in the 
bidirectional models. It appears that the AVHRR albedos are greater over 
the areas of thick cirrus while they are lower over clear areas and 
relatively thin cirrus. AVHRR longwave fluxes are much higher than ERBE's 
over areas with the thickest cirrus. Since the correlations represent 
average conditions, such differences are to be expected in the resultant 
fluxes for a given day. 

4. Concluding Remarks 

The apparent geographical variations of the differences in the 
fluxes derived from the two different instruments provide encouragement that 
they are scene -type dependent. Thus it may be possible to improve the 
methods for inferring broadband radiance from narrowband data by accounting 



for the scene identification differences. This may be accomplished with 
additional case studies in combination with radiation measurements taken 
from other platforms during the IFO. 
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Figure 1 . Con-elation of ERBE broadband and AVHRR narrowband 

data for FIRE during October 22 - November 2, 1986. 
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1 . Introduction 

Visible (VIS, 0.65 p m) and Infrared (IR, 10.5 pm) channels on 
geostationary satellites are the key elements of the International Satellite 
Cloud Climatology Project (ISCCP). All daytime ISCCP cloud parameters are 
derived from a combination of VIS and IR data. Validation and improvement 
of the ISCCP and other cloud retrieval algorithms are important components 
of the First ISCCP Regional Experiment (FIRE) Intensive Field Observations 
(IFO). Data from the Cirrus IFO (October 19 - November 2, 1986) over 
Wisconsin are available for validating cirrus cloud retrievals from 
satellites. The Geostationary Operational Environmental Satellite (GOES) 
located over the Equator at approximately 100°W provided nearly continuous 
measurements of VIS and IR radiances over the IFO area. This paper presents 
the preliminary results of cloud parameters derived from the IFO GOES data. 
Cloud altitudes are first derived using an algorithm without corrections for 
cloud emissivity. These same parameters will then be computed from the same 
data relying on an emissivity correction algorithm based on correlative data 
taken during the Cirrus IFO. 

2. Data and methodology 

A cloud parameter retrieval scheme, the hybrid bispectral threshold 
method (HBTM) described by Minnis et al. (1987), was applied to the GOES 1- 
km VIS and 4-km IR radiances taken between 47°N and 42°N and between 87°W 

and 92 °W. This 5° box was divided into a 0.5° grid for analysis. Clear -sky 

temperature and albedo as well as cloud amount, temperature (height), and 
cloud albedo were derived over each of the 100 regions at each daylight half 
hour during the experiment. These cloud properties were also derived for a 

low-level layer (< 2 km altitude), a middle layer (between 2 km and 6 km), 

and a high layer (> 6 km). For these preliminary results, a lapse rate of 
6.5 °K/km was assumed in order to infer the cloud altitude from the derived 
cloud temperature. 

Both narrowband VIS and broadband shortwave (SW) albedos were derived 
from the VIS data. The GOES VIS counts (D) were converted to narrowband 
radiance with the calibration of Whitlock (1987) and then converted to 
albedo by dividing by the incoming solar radiance at 0.65 pm, the cosine of 
the solar zenith angle (SZA) , and a bidirectional reflectance anisotropic 
factor (Minnis and Harrison, 1984). Shortwave albedo was determined in a 
similar fashion except that the incoming radiance covered the entire solar 
spectrum and the VIS counts were converted to broadband (0.2 pm - 5.0 pm) 
radiance. Narrowband -broadband conversions were performed in a manner 
similar to that described by Harrison et al. (1988) except that GOES and 
NOAA-9 ERBE (Earth Radiation Budget Experiment) data were used. Since these 
satellites operate in different orbits, only selected data from matching 
fields of view over the entire GOES field-of-view were used to effect the 
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correlation. The dissimilar scan patterns of the two satellites' 
instruments dictated more liberal matching constraints than those used by 
Minnis and Harrison (1984). Broadband longwave (5.0 - 50.0 ^m) data were 
fit to the correlated IR data with a quadratic yielding an RMS difference of 
4% over water and 6% over land. With the availability of the varying SZA 
from the GOES it was determined that a model of the form 

2 

L gw - a^ D + a^ D + a^ D ln(sec(SZA>) 

best described the shortwave radiances, producing RMS differences of 13% 
over water and 18% over land. This result and the data are shown in Fig. 1. 

A critical factor for the HBTM and other algorithms is the accurate 
specification of clear-sky conditions. With the long time series of GOES 
data, it was possible to determine the half-hourly clear-sky albedo for the 
1F0 by measuring the minimum VIS counts on days which were predominantly 
clear. This process was performed utilizing data primarily from Oct. 19 
resulting in a 0.1° map of both VIS and SW clear-sky albedo. Clear-sky 
temperature was derived in the manner given by Minnis et al. (1987). 

3 . Results 

Examples of the clear-sky albedo maps averaged to the IFO grid is 
given in Fig. 2 for 1800 UT, Values of VIS albedo over the IFO "diamond” 
(asterisks in the figures) range from 10 - 12%, while the SW albedos vary 
from 15 - 17%. In the afternoon (not shown), the VIS albedos are much lower 
than the broadband values which are as high as 29%. The usual trends in 
daily variation of this parameter are seen in Fig. 3 for the region 
containing Wausau (top asterisk in Fig. 2). A time series of daytime (1500' - 
2200 UT) cloud amounts and clear-sky and cloud temperatures are given in 
Figs. 4 and 5, respectively, for the region containing Ft. McCoy (left 
asterisk in Fig. 2). The high variability is due to the small size of the 
region. These plots show that it was clear over the region on Oct. 19 and 
21 and overcast on Oct. 22, 31, and from Oct. 24 through 26. Variable 
cloudiness occurred on the remaining days. These cloud amounts are 
consistent with surface observations as reported by Hahn et al. (1988). 
Clear-sky temperatures show a significant diurnal cycle on days with clear 
or partly cloudy skies. On overcast days, an interpolation scheme was used 
to obtain clear-sky temperatures. Cloud temperatures suggest low clouds on 
Oct. 20, 23, 26, 29, and 30 and midlevel clouds on Oct. 22, 25, and 31. The 
only days with obviously high clouds are Oct. 22, 25, and 31. The nominal 
HBTM assumes that the clouds can be treated as black bodies so that the mean 
observed temperature over areas determined to be cloudy is the cloud- top 
temperature. It is known that many cirrus clouds are non-black and, 
therefore, the HBTM will probably underestimate their altitudes. Surface 
and aircraft observations (FIRE, 1987) indicate that high clouds were 
present over the area on days Oct. 22, 25, and 31 together with lower 
clouds. High clouds without underlying decks were also reported on days 
Oct. 27, 28, and 30. Only cirrus was reported on the latter 3 days. Thus, 
it is apparent that some correction for cirrus emissivity is necessary to 
correctly identify the true cloud altitudes. 

Figure 6 shows the cloud cover derived from GOES data taken at 1500 
UT, Oct. 28. Mostly cloudy areas are found in the northern part of the 
grid. The thickest parts of the cirrus are found in the northern corners 
and central part of the grid as inferred from the cloud temperatures In Fig. 
7, By 2030 UT (Fig. 8), the cloud pattern still shows the most widespread 



cloudiness over the north with some mostly cloudy areas around Ft. McCoy. 
Significant high cloudiness was detected west of Green Bay and near Ft. 

McCoy with the remainder being classified primarily as midlevel clouds. The 
cloud patterns derived from the AVHRR data (Fig. 9) with the same algorithm 
(see Harrison et al. t 1988) about one-half hour later are very similar but 
shifted to the east. 

4. Concluding remarks 

, A preliminary set of cloud parameters derived from GOES data provide 
a continuous quantification of clouds over the Cirrus IFO. Initial 
comparisons with the IFO data show that total cloud amount is generally 
consistent with surface reports. Cloud altitude, however, appears to be 
substantially underestimated for cirrus. By making use of emissivity 
computations (Minnis et al., 1988) derived from IFO intercomparisons , it 
will be possible to greatly improve the techniques for determining cirrus 
cloud heights. 
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Figure 1. Correlation of ERBE broadband and GOES narrowband shortwave 
radiances for October, 1986. Curve is for solar zenith of 55 . 


pise is 

Or rOGIt Qi 


131 



(a) Narrowband albedo 


(b) Broadband albedo 
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Figure 2. Clear-sky albedo(%) for 

1800 UT, October 28, 1986. 
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Figure 3. Daytime clear-sky albedo (%) 

over Wausau for October 28, 1986 
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Figure 4, Time series of cloud cover (%) 

over Ft. McCoy, Oct. 19-31, 1986 
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Abstract 

12 3 

The ”C0« slicing” method * 9 is generally recognized as the most accurate means of inferring 
cloud altitude from passive infrared radiance observations. The method is applicable to semi- 
transparent and broken cloud. During the cirrus-FIRE and COHMEX field experiments, C0„ channel 
radiance data suitable for cloud altitude specification were achieved from moderate spectral resolu- 
tion satellite sounders (N0AA-T0VS 4 and GOES-VAS 5 ) and from a High spectral resolution Interfero- 
meter Spectrometer (HIS) flown on the NASA U2/ER2 aircraft. Also aboard the ER2 was a down-looking 
active lidar unit 6 * 7 capable of providing cloud top pressure verifications with high accuracy (^5 
mb). A third instrument 8 , the Multispectrai Atmospheric Mapping Sensor (MAMS) provided 50 meter 
resolution infrared ••window” data which is used with radiosonde data to verify the heights of middle 
and low level clouds. In this paper, comparisons of lidar and MAMS/radlogfnde ’‘ground truth” cloud 
heights are made with those determined from: (a) hjgh resolution (0.5 cm ) HIS spectra, (b) HIS 

spectra degraded to the moderate resolution (15 cm" ) of the VAS/TOVS instruments, and (c) spectral- 
ly averaged HIS radiances for individual pairs of VAS spectral channels. The results show that best 
results are achieved from high resolution spectra; the RMS difference with the “ground truth” is 23 
mb. The RMS differences between the infrared radiance determination and ground truth Increase by 
35% when the spectral resolution is degraded to the moderate spectral resolution of the VAS/TOVS 
instruments and by 52% to 183%, depending upon channel combination, when only two spectral channels 
at VAS/TOVS spectral resolution are used. 

1. Introduction 


The working equation of the C0 2 slicing method 2 is 


- C(p c ) (1) 


where I is an observed spectral radiance at wavenumber (or spectral channel) v, subscripts 1 and 2 
refer to geographically independent fields of view, and the subscript o refers to a reference 
wavenumber (or spectral channel). It is assumed that the cloud radiates as a ”greybody” (I.e., the 
cloud emissivity Is the same for wavenumbers v and v ). B(v,T(p)) is the Planck radiance corres- 

ponding to the temperature T, p is pressure, P is surface pressure, and T(v,p) is the atmospheric 
transmittance of the atmosphere between the instrument and the pressure p. The cloud top pressure 
(p ) which yields the minimum difference between the left-hand side and the right-hand side of Eq. 
(1; is the cloud pressure estimate. Note that the solution is Independent of cloud amount and cloud 
emissivity. 
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The C0 2 slicing method assumes that one can find two spatially different radiances due to 
different cloud amounts and/or cloud emissivity with the cloud emissivity assumed to be independent 
of spectral wavenumber. In practice, it is attempted to utilize a “clear” air radiance which is 
representative of the cloudy area of interest together with a cloudy radiance to define the left- 
hand side of Eq. (1). When using a clear sky reference, the aignal-to-noise ratio is maximized and 
the cloud height need only be constant over a single field of view. 

2. The HIS Instrument 
9 10 

The HIS * is a Michel son interferometer which measures upwelling radiation (3. 5-17. Oum) at 
high spectral resolution (A/AA > 1000/1). The spectral range of the instrument is partitioned into 
three bands. Band 1 (9.1-17.0um or 600-1100 cm" ), band 2 (5.0-9. lUm or llp0-2000 cm" ), and band 3 
( 3. 5-5. Oum or 2000-2800 cm ). The maximum spectral resolution is 0.28 cm" . One calibration cycle 
consists of two cold blackbody views, two hot blackbody views and six earth views followed by two 
more cold and hot blackbody views. During 1986, the HIS was flown aboard NASA U2/ER2 aircraft at a 
65,000 foot altitude during the First ISCCP Regional Experiment (FIRE) and the Cooperative Hunts- 
ville Meteorological Experiment TCOHMEX). Ifte instrument was nadir viewing during the FlRE~and 
COHMEX aircraft flights. 

The high spectral resolution of the HIS_|n the 700-900 cm ' region makes It ideal for applica- 
tion of the C0 2 slicing method. At a 0.5 cm resolution there Is available a very large number of 
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spectral "channels 91 . As will be shown, the higfr resolution enables accurate cloud helgh^ estimates. 
Figure la shows a typical radiance spectrum measurement from the HIS In the 600-1100 cm region 
with the spectral bands of the VAS superimposed. Figure lb shows two <X> 2 channel weighting 
functions for the HIS compared with those for the VAS. The superior vertical resolving power of the 
HIS is readily apparent and enables more accurate cloud altitude determinations using the C0 2 
slicing method. * 



JUNE 15, 1986 
(COHMEX) 
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Fig. la: HIS long wavelength band spectrum 

with VAS spectal intervals shown. 

Fig. lb: Planck radiance weighting functions 

at HIS and VAS resolutions* 


3. Methodology 



The first step In the application of the <X> 2 slicing method is determining a representative 
"clear" radiance. "Clear" is in quotes since it refers to the clearest field of view of those 
corresponding to a geographical sample of radiance spectra. During Project FIRE, a down-looking 
lidar unit&»7 was mounted on the NASA U2/ER2 aircraft. This provided a means of locating clear and 
cloudy regions as well as defining the cloud top pressure "ground truth" with high accuracy 0v5 mb). 
An average of the largest radiances from among those near the time of interest was chosen as the 
"clear" reference radiance. Next, differences between the •Jflear" and cloudy radiances were calcu- 
la^d for each point on the spectrum between 675 and 920 cm . The spacing between points was .275 
cm . The result was normalized by dividing the spatial difference at each point on_|he spectrum by 
the value of the spatial difference at a reference wavenumber, chosen to be 899.7 cm • This result 
was compared to the cloud pressure function (the right-hand side of Eq. (l) evaluated from the 
surface pressure to 50 mb for every point on the spectrum. Atmospheric transmit tances were calcu- 
lated using the line-by-line algorithm "FASCOD"! 3 (Clough et al«, 1986) while temperature and water 
vapor profiles were obtained from rawinsonde soundings. (Alternatively, the temperature and water 
vapor profiles could be obtained by sounding retrieval from the HIS spectra. 12 The value of the 
cloud pressure function (p ) for which a minimum difference existed between the left-hand and 
right-hand sides of Eq. (11 was adopted as the cloud pressure estimate. In this way, a cloud height 
estimate was obtained for every point on the spectrum. 


A reasonable procedure to achieve a single cloud top pressure estimate from a range of frequen- 
cies is to form a weighted average over the frequency range. Thus, 

P c B I p c (v) W 2 (v)/l w 2 (v) (2) 

is used where the weight "w" represents the sensitivity to cloud height and is given by the deriva- 
tive of the cloud pressure function, C(P ), with respect to the natural log of pressure (proportion- 
al to height). Mathematically, 


3C(p ) 

w « 

ainp 


C 1 (p c ) , 
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Vhere C(p ) 1* defined as the right-hand aide of Eq. 1. In our application of Eq. (2), if w(v) ia 
not at leSat one-half the value of the largeat w(v) within the apectral range uaed, it la assigned a 
value of tero» 

Figure 2 chows s spectrum of G*(p ) for cloud pressures of 300 mb, 500 mb, and 850 mb. The 
amplitude can be Interpreted as the sefiaitlvlty of spectral radiance to cloud top pressure varia- 
tions at these levels* Notice the many sharp peaks along the spectrum. The frequencies of these 
peaks are ones which should produce the best estimates of the cloud top pressure. Notice that the 
highest sensitivities are shifted toward larger wavenumbers with lower values of C(p ) (i.e., higher 
values of cloud pressure). This is consistent with the fact that in this portion of the 15um C(> 2 
absorption band, larger wavenumber# are generally more sensitivity to upwelling radiation fromjower 
levels of the atmosphere. Note the extremely low sensitivity in the opaque region near 720 cm 
One can see that the highest sensitivities to high clouds (300 mb) are near 710 cm 1 and 740 cm 
with generally lower values elsewhere* It is also apparent that spectral smearing causes a reduc- 
tion of cloud height sensitivity, particularly for low level clouds. 

4. Cloud Height Verification Results 

HIS determinations of cloud height were obtained from U2/ER2 flights on November 2, 1986 (a 
FIRE flight), July 5, 1986 (a COHMEX flight), and June 15, 1986 (a C0HMEX flight). The November 2 
flights were above widespread CIRRUS over north central Wisconsin. The July 5 flight was above 
middle and upper tropospheric altocumulus clouds associated with a warm front over New England. The 
June 15 flight was over boundary layer cumulus cloud over northern Alabama and central Tennessee. 

The November 2 cirrus cloud height verifications were achieved using the ER2 Ildar, which is 
believed to provide cloud top altitudes to an accuracy of 100 meters. The July 5 and June 15, 
middle and low level cumulus cloud verifications were achieved using time coincident window channel 
radiance data from the 50 meter resolution HAMS Instrument and nearby radiosonde temperature and 
nolsture profiles. A complete description of the "ground truth" cloud height data used to verify 
the "C0 2 slicing" determinations for these three days can be found in the thesis of Frey. 14 

Table I shows the RMS differences between the "CO- slicing” determinations and the ground truth 
for three categories of cloud height. Scatter diagrams of the results are shown in Fig, 3. As can 
be seen from Fig. 3, a large part of the RMS difference is due to a systematic tendency for the 
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Fig. 2: Sensitivities of spectral radiance to variations of cloud top pressure. 






infrared cloud pressures to be higher (low heights) than the ground truth. This tendency which is 
seen to be spectral resolution dependent is due to the semi -transparency of the cloud.* Referring 
to Table I, the Dost accurate results are achieved when the determinations are based upon high 
resolution HIS spectra. The discrepancies Increased by 35% when the HIS spectral resolution is 
degraded to that of the VAS/TOVS sounding instruments . When the determinations are made using pairs 
of infrared spectral channels pertaining to the VAS, as opposed to using the continuous spectrum, 
the discrepancies increase by as much as 183%, depending upon the channel combination used. In 
general, best results for VAS channel combinations are achieved when a "window" channel is used as a 
reference; the discrepancy in this case is less than a factor of two poorer than that achieved with 
high resolution HIS spectra. 

Table I. RMS differences (mb) between cloud top pressure estimates from HIS and simulated VAS 
data with Ildar and MAMS /radiosonde ground truth. 

RMS Error (mb) 


Method High Cloud 

' 7N=3dr 

Middle Cloud 
— TIF55 

Low Cloud 
~?lfcl6) 

HIS at high resolution 

26 

13 

26 

HIS at VAS/TOVS resolution 

31 

14 

42 

VAS Channels 1 (simulated from 

HIS, window channel reference) 


All Clouds 3 

—u&rr 

23 

31 


3/8 

46 

18 

NA 

35 

4/8 

49 

20 

NA 

37 

5/8* 

34 

31 

44 

37 

Channels 1 

(simulated from HIS, near 

channel reference) 


3/4 

45 

54 

NA 

50 

3/5* 

48 

17 

NA 

36 

4/5 

54 

74 

NA 

65 


iThe half bandwidth spectral limits of VAS channels^fre: (1) Channel 3, 695-711 cm" 

Channel 4, 706-724 cm" ; (3) Channel 5, 742-758 cm" ; and, (4) Channel 8, 822-960 cm . 
^Considered to be the "optimum” channel combination. 

3 Computed from the average of the error variance for each height category. 




Fig. 3t Scatter diagrams of ground truth (Ildar) versus C0 2 slicing infrared cloud pressure heights 
(mb) for (a) HIS high resolution spectra, (b) moderate (VAST resolution spectra, (c) VAS channels 
using a window channel (8) as a reference, and (d) VAS channels using a CO^ channel (5) as a 
reference. 
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INTRODUCTION - Accurate characterizations of some cloud parameters are 
dependent upon the absolute accuracy of satellite radiance measurements. 
Visible -wavelength measurements from both the AVHRR and VISSR instruments are 
often used to study cloud characteristics. Both of these instruments were 
radiometrically calibrated prior to launch, but neither has an onboard device 
to monitor degradation after launch. During the FIRE/SRB cirrus Intensive 
Field Operation (IFO) , a special effort was made to monitor calibration of 
these two instruments onboard the NOAA-9 and GOES -6 spacecraft. In addition, 
several research groups have combined their efforts to assess the long-term 
performance of both instruments. These results are presented, and a limited 
comparison is made with the ERBE calibration standard. 

DATA - Figures 1 and 2 show calibration results for NOAA-9 AVHRR channels 1 
and 2. Figure 3 presents the same information for the G0ES-6 VISSR 
instrument. On each figure, the equation for radiance in terms of instrument 
gain is shown at the top of the figure. Increasing gain means that instrument 
sensitivity is decreasing, and the system is deteriorating. All indirect 
methods are based on radiative transfer calculations from various combinations 
of model inputs and produce absolute calibration values like the U-2 method. 

As noted on the figures, the relative methods are anchored to the October 1986 
NOAA U-2 absolute results and symbol size indicates the authors' estimates of 
uncertainty. For sake of brevity, details of the various methods cannot be 
discussed here but most are generally described in the literature. The 
NOAA/NESDIS U-2 method and the Scripps indirect method are described in 
references 1 and 2, respectively. The University of Arizona indirect method 
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is discussed in references 3 and 4, The NASA/GSFC indirect method is based on 
reference 5. The NASA/LaRC indirect method has not been published, but it 
uses the radiative transfer model and atmospheric analysis techniques 
described in reference 6 in combination with surface reflectance and 
atmospheric measurements made over the Sonora Desert during May 1985 (see 
reference 7). The ISGCP relative approaches are described in references 8, 9, 
and 10, and the NASA/LaRC relative method is described in reference 11, 
Estimated uncertainties in the various methods are summarized below: 


METHOD 

NOAA/NESDIS U-2 
U, AZ. INDIRECT 
NASA/LaRC INDIRECT 
SCRIPPS INDIRECT 
NASA/GSFC INDIRECT 

NASA/LaRC RELATIVE ANCHORED TO DAY 682 U-2 VALUE 
ISCCP RELATIVE ANCHORED TO DAY 682 U-2 VALUE 


UNCERTAINTY PERCENT 
± 5 
± 5 
± 7 
± 8 
± 11 

± 2 + (U-2 ERROR) 

± 2 + (U-2 ERROR) 


RESULTS - Figure 1 suggests that channel 1 of the NOAA-9 AVHRR instrument 
degraded by approximately 28 percent over the first 1200 days from launch. 

Both the NASA/LaRC and ISCCP relative methods appear to give reasonable trends 
when applied over an extended time period of 2 or more years. When the 
relative methods are anchored to periodic absolute values, the result is a 
continuous calibration history that can be used with confidence. 

In the period from days 152-257 (May-August 1985), all of the indirect 
and anchored relative methods agree within estimated uncertainties. One 
question of some concern is why the channel 1 U-2 results at day 257 do not 
fall in line with the other methods during that period. (Reference 1 actually 
reports a slight positive instrument enhancement rather than the usual 
degradation for that day.) Some insight into this problem may be gained by 
examining the NASA/LaRC indirect results taken during days 152-159. During 
that period, the U-2 overflew the Mohawk Valley region, and the NASA/LaRC 
method was applied using reference 7 data. Figure 4 shows that both the U-2 
and NASA/LaRC indirect methods were in reasonable agreement for the channel 1 
wavelength range during the May time period. There is a tendency for the 
indirect method to give slightly higher values at near- infrared wavelengths, 
however. [Reference 7 describes a deficiency in NBS testing of the field 
reflectance standard that is the probable cause of this bias at wavelengths 
either higher or lower than 0.65 micrometers for this particular experiment.] 
The trend to slight overprediction was confirmed when broad-band results from 
the indirect method were found to be 7 percent high compared to broad-band 
ERBE/ERBS values (figure 5). If one compensates for the near- infrared bias, 
the NASA/LaRC indirect method applied to visible wavelengths is apparently 
consistent with the ERBE calibration standard. This in turn gives additional 
confidence in all of the indirect and anchored relative results for the days 
152-257 period. For this reason, it is believed that the U-2 point at day 257 
is in error by a larger amount than the quoted 5 percent uncertainty. 

Figure 2 suggests that channel 2 of the NOAA-9 AVHRR instrument may have 
been as much as 10 percent degraded immediately after launch and that 
degradation increased to 28 percent by day 1200. Those values are based on an 
assumed fit, however, since neither the ISCCP nor the NASA/LaRC relative 
methods have analyzed AVHRR channel 2 . 

Figure 3 suggests a sinusoidal degradation of the GOES -6 VISSR 
instrument. In this case, the ISCCP VISSR values are computed using AVHRR 
channel 1 gain values in combination with the ISCCP slope ratio in the 
following equation: 
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G 8(G-6) = 0 • 01966 * a * g io(N-9 , CH 1) (1) 

where: = GOES-6 VISSR gain in terms of 8-bit counts. 

G 10(N-9 CH 1) = NOAA-9 AVHRR channel 1 gain in terms of 10 bit counts. 

A = ISCCP slope ratio. 

It is believed that the sinusoidal characteristic is partly caused by the fact 
that the gain often changed weekly by NOAA to correct for banding effects in 
the cloud images. Additional investigation of GOES degradation is desirable. 

The following calibration equations are recommended for satellite data 
analysis during the FIRE IFO periods: 


CIRRUS IFO 

NOAA- 9/AVHRR CH 1: RAD = - 22 + [0 . 6060* (10 -BIT COUNTS)] (2) 
NOAA- 9/AVHRR CH 2 : RAD = - 16 + [0 .4000*(10-BIT COUNTS)] (3) 
GOES -6/VIS SR: RAD - - 8 + [0.01015*(8-BIT COUNTS 2 )] (4) 

MARINE STRATOCUMULUS IFO 

NOAA- 9/AVHRR CH 1: RAD = - 22 + [0 . 6338*(10-BIT COUNTS)] (5) 
NOAA- 9/AVHRR CH 2: RAD = - 16 + (0.4150*(10-BIT COUNTS)] (6) 
GOES-6/VISSR: RAD = - 8 + [ 0 . 01000*(8 -BIT COUNTS 2 )] (7) 


The following filter bandpass and filtered solar constants are recommended: 

BANDPASS VALUES 
....microns.... 

NOAA- 9/AVHRR CH 1: 0.117 

NOAA- 9/AVHRR CH 2: 0.240 

GOES -6/VIS SR: 0.187 
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1. Introduction 

One of the main difficulties in detecting cirrus clouds and 
determining their correct altitude using satellite measurements is their non- 
blackness. In the present algorithm (Rossow et al., 1985) used by the 
International Satellite Cloud Climatology Project (ISCCP) , the cirrus cloud 
emissivity is estimated from the derived cloud reflectance using a 
theoretical model relating visible (VIS, 0.65 pro) optical depth to Infrared 
(IR, 10.5 pm) emissivity. At this time, It Is unknown how accurate this 
approach is or how the derived cloud altitude relates to the physical 
properties of the cloud. The First ISCCP Regional Experiment (FIRE) presents 
unique opportunities for determining how the observed radiances depend on the 
cloud properties. During the FIRE Cirrus Intensive Field Observations (IFO, 
see Starr, 1987), time series of cloud thickness, height, and relative 
optical densities were measured from several surface-based Ildars. Cloud 
microphysics and radiances at various wavelengths were also measured 
simultaneously over these sites from aircraft at specific times during the 
IFO (October 19 - November 2, 1986). Satellite -observed radiances taken 
simultaneously can be matched with these data to determine their 
relationships to the cirrus characteristics. In this paper, a first step is 
taken toward relating all of these variables to the satellite observations. 
Lidar-derived cloud heights are used to determine cloud temperatures which 
are used to estimate cloud emissivities from the satellite IR radiances. 

These results are then correlated to the observed VIS reflectances for 
various solar zenith angles. 

2. Data and approach 

Half-hourly 1-km VIS and 4-km IR radiances from the Geostationary 
Operational Environmental Satellite (GOES) taken during the IFO are used to 
determine cloud reflectance and effective blackbody temperatures over two 
sites, Ft. McCoy and Wausau, Wisconsin. The VIS counts are converted to 
reflectances using the calibration parameters given by Whitlock (1987). All 
of the data found within 0.35° longitude and 0.25° latitude of the ground 
sites are assumed to be representative of the radiances directly above the 
ground site during a 30-minute interval. Thus, spatial variations near the 
station replace the time variations in the clouds as they advect over the 
station. This assumption also minimizes the effects of navigational errors, 

In this initial study It is assumed that the pixels are entirely clear 
or cloud- filled. Therefore, given an equivalent blackbody, clear- sky 
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temperature, TS, a measured IR temperature, T, and a cloud temperature, TC, 
it is possible to estimate the cloud emissivity as 

e - {B(T) - B(TS)}/{B(TC)-B(TS)}, 

where B represents the Planck blackbody function. This simple model treats 
the cloud as a homogeneous mass radiating at some effective temperature TC. 
The dependence of c on viewing zenith angle, VZ, is ignored here because all 

of the measurements are taken at 51° < VZ < 52°. Since the VIS data are 

discretized to 6 bits, there are only a few values of reflectance, p, which 
will be observed at a given hour. In order to determine € as a function of 

p, the emissivities measured for some given value of p are averaged to 

yield a single value for each reflectance value. This averaging process 
tends to smooth out some of the inhomogeneities found in real clouds. 

A first guess value of TS was taken from the time series results for 
clear -sky temperature derived by Heck et al. (1988). This value was reset to 
the highest observed temperature over the site whenever a negative average 
emissivity was found. Cloud temperature was determined in the following 
manner. First, a density center for the cloud in terms of altitude was 
estimated from time series plots of lidar relative backscatter intensities. 
These intensities were taken by the NASA Langley ground lidar system 
operating at Ft. McCoy (Alvarez et al. , 1988) and by the University of Utah 
mobile polarization lidar at Wausau (Sassen, 1987). An initial guess of TC 
was taken from the nearest available radiosonde data using the temperature 
corresponding to the density center height. This process assumes that this 
Inferred "center of mass" is the radiating core of the cloud. Whenever any, 
of the derived emissivities exceeded unity, TC was reset to the coldest 
observed temperature. Underestimates of TC may be detected from a flattening 
of the emissivity curve long before « - 1. 

3. Results and discussion 

A plot of the Ft. McCoy lidar returns for 1500 - 2200 UT, Oct. 28, 

1986 is shown in Fig. 1 with the selected values of cloud height and TC. In 
the morning, the cloud altitude was lower and the clouds described as 
"mackerel" indicative of alto- or cirrocumulus . By 1900 UT, a cirrus deck of 
variable thickness advected over the area between 8 and 11 km. Before 2030 
UT, the clouds were generally described as thin and variable. Between 2030 
and 2200 UT, the cloud deck was described as uniform with some "bluish” areas 
in the clouds. Cloud emissivities over Ft. McCoy for 1500 UT, 1930 UT, and 
2100 UT are plotted as functions of VIS reflectances in Fig. 2. These 
results appear to be consistent with the surface descriptions. At 1500 UT, 
the points yield a smooth curve indicating a relatively homogeneous cloud 
deck, while at 1930 UT the values of € do not vary monotonically with p, 
suggesting the presence of some lower- level clouds or partially- filled 
pixels. The curve for 2100 UT is also relatively smooth. 

Some values of p in Fig. 2 are actually less than the nominal clear- 
sky reflectance. Since this occurs for e >0.1, this phenomenon may be due 
to either shadowing of a lower part of the cloud by a thick part or due to 
the transmission properties of the clouds. The 3-km altitude variation in 
the cells around 2100 UT seen in Fig. 1 indicates that such a shadowing 
effect is possible for that hour. Additional examination of the pixel maps 
will help determine the reasons for the decreased reflectances. 

Figure 3 shows the emissivities derived from data over both sites for 
hours 1500 UT and 2130 UT on Oct. 28. The solar zenith angles are about 68° 
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at 1500 UT and 78° at 2130 UT . Relative azimuth angles are approximately 
130° in both cases. The variation of € with p appears to be consistent 
between the sites but differs from the morning to the afternoon. Emissivity 
increases rapidly until a value of e -0.8 is reached in Fig. 3a, then it 
increases with a decreasing slope. In Fig. 3b, the slope appears to increase 
gradually up to p - 25%, then more rapidly, at least for the Ft. McCoy data. 
The clouds are 1-2 km higher in the afternoon, but the slope at 2100 UT (Fig. 
2c) is very similar to the 1500 UT case. Although there may be enhanced 
shadowing at 2130 UT, it is not immediately apparent why this large 
difference occurs. 

Emissivities derived over Ft. McCoy on three different days at 2030 UT 
are given in Fig. 4. Variations in their dependence on VIS reflectance 
probably result from variations in the cloud microphysics and morphologies. 
The Ildar returns indicate that the clouds are thickest on Oct. 28. On Oct. 
27 the clouds are only about 1 km thick with no obvious precipitating cells. 
All three cloud decks were between 9 and 10 km. The dip in the emissivity at 
the highest reflectances may correspond to views of the sides of the cirrus 
clouds. Since these data are taken in a backscattering geometry with a low 
sun and satellite, the cloud sides would be intercepting and reflecting a 
considerable fraction of the incident radiation. Viewing of the cloud sides 
would tend to increase the observed IR radiance since both the top and lower 
portions of the clouds are seen. 

4 . Concluding remarks 

The analysis of combined satellite and lidar data will help improve 
our understanding of how to interpret radiances observed over cirrus cloud 
fields. Examples given here show significant variability in the relationship 
between VIS reflectance and IR emissivity. Other complicating factors such 
as shadows, finite cloud geometry, and partially cloud-filled pixels are also 
apparent in these initial results. The similarities in some of the cases 
reported here, however, show potential for some empirical modeling. Further 
study of these and other cases with additional correlative FIRE data will be 
required to develop parameterizations for interpreting these radiances for 
cirrus cloud quantification from satellites. 
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Figure 3. Comparison of Wausau (O) and Ft. McCoy (+) emissivity 
curves for a) 1500 UT and b) 2130 UT, Oct. 28. 
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ABSTRACT 

Overview of the 27-28 October FIRE Cirrus IFO Case: 
Meteorology and Cloud Fields 
by 

David O'C. Starr 

NASA Goddard Space Right Center 
Greenbelt, Maryland 20771 

and 

Donald P. Wylie 

Space Science and Engineering Center 
University of Wisconsin 
Madison, Wisconsin 53706 


A detailed description of the meteorology of the 27-28 October FIRE Cirrus IFO case will be 
presented. The progression of synoptic scale events over the region will be reviewed including the 
the evolution of surface and upper air features, i.e., the surface cyclone that formed to the west 
over Montana on the 27th and moved through Wisconsin late on the 28th and the associated short 
wave ridge aloft. A summary of the corresponding cloud conditions observed over the area of 
aircraft operations will be given including characterization of the cloud forms and cloud heights 
based on information derived from debriefings of the aircrews, surface observations, airborne 
(ER-2) and surface lidars observations and satellite imagery (GOES). The correspondence 
between the resolved meteorological features (subsynoptic rawinsonde network) and the 
development of cloud layers will be illustrated. In particular, the discussion will emphasize the 
relationship between vertical thermodynamic structure and the character and vertical structure of the 
cloud fields. The role of the larger scale in maintaining the observed vertical structure will be 
quantified both with respect to its control via forced ascent and advective processes. Based on 
results of these analyses, conclusions will be drawn with respect to the design of future field 
missions. A handout will be provided. 
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The four ground-based lidar systems that participated in the 1986 FIRE IFO 
were configured in a diamond-shaped array across central and southern Wisconsin. 
Using the analogy of a baseball diamond, the base paths were 125 km long. 
Stationed at home plate at Madison was the University of Wisconsin High Spectral 
Resolution Lidar (HSRL) with a 0.51 pm wavelength; first base at Oshkosh, the 
N0AA/WPL scanning C0 2 Doppler lidar (10.6 pm); second base at Wausau, the 
University of Utah polarization ruby lidar (0.69 pm); and third base at Ft. 
McCoy, the NASA/LRC polarization cloud lidar (frequency-doubled Nd YAG at 0.53 
pm). Data were generally collected in the zenith-pointing mode, except for the 
Doppler lidar, which regularly operated in a scanning mode with intermittent 
zenith observations. 

As a component of the cirrus case study of 27-28 October 1986 selected for 
initial analysis, data collected by the remote sensor ensemble from 1600 (on the 
27th) to 2*100 UTC (on the 28th) will be described and compared. Data were col- 
lected nearly continuously over this period by the HSRL, but night operations at 
the three other sites were suspended for operator rest periods, and fog and low 
stratus cloud conditions occasionally interrupted data collection at Wausau and 
Oshkosh. Nonetheless, the 32-h dataset provided an interesting and fairly 
comprehensive view of the movement of cirrus clouds over the central Wisconsin 
area. Note that the average cirrus level winds were -30 ms* 1 out of the north- 
west late on the 27th, changing to westerly on the 28th, such that cloud advec- 
tion was approximately orthogonal to the north-south axis of the lidar field 
site grid. 

In general, the cirrus studied on the 27th consisted of intermittent layers 
of thin and subvisual cirrus clouds. Particulary at Wausau, subvlsual cirrus 
was detected from 11.0-11.5 km MSL, just below the tropopause. At lower levels, 
occasional cirrus clouds between -8. 0-9. 5 km were detected from all ground 


157 



aites. These layers were thickest at Ft. McCoy and Oshkosh. Although 
measurements are only available for the Madison Ildar between 0200-0800 UTC, 
these data reveal the passage of an exceptionally well-defined Mesoscale Uncinus 
Complex (MUC) from 0500-0630 UTC. Although this structure attained a maximum 
cloud depth of nearly 4 km and was -150 km in horizontal extent, the high 
resolution view provided by the HSRL provides evidence for the -1 km scale of 
numerous cirrus uncinus generating cells and fallatreaks. Subsequently, as the 
full complement of lidars was restored, the develoment of a -5 km-thick cirrus 
cloud system was observed. Initially, rather thin cloud layers were intermit- 
tently present at about 8.0 and 11.0 km. Laser depolarization data indicate 
that the lower layer was an altocumulus cloud containing supercooled cloud 
droplets, which produced virga. With continued upper level cloud develoment, 
however, it appears that the altocumulus cloud became incorporated in the cirrus 
ice cloud system. Following the passage at Wausau of a well-defined cloud band, 
all sites recorded little or no cirrus from 1800-1900 UTC, before clouds again 
began developing from cirrus generating cells located near the tropopause. 

In summary, preliminary analysis of the four -Ildar dataset reveals the 
passage of surprisingly consistent cloud features across the experiment area. A 
variety of types and amounts of middle and high level clouds occurred, ranging 
from subvlsual cirrus to deep cloud bands. It is expected that the ground-based 
lidar measurements from this case study, as well as the airborne observations, 
will provide an excellent data base for comparison to satellite observations. 
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1. Data Analysis Procedures 

A description of the radiative properties of 
two cirrus clouds sampled on 10/28/88 in the 
FIRE cirrus IFO is presented. The clouds are 
characterized in terms of the broadband in- 
frared effective emittance, cloud fractional ab- 
sorptance, shortwave (.3-2.8 ft m) heating rate, 
cloud albedo and vertical velocity. The broad- 
band fluxes used in these calculations were ob- 
tained from measurements made by pyranome- 
ters and pyrgeometers manufactured by Epp- 
ley Laboratories Inc. For a description of these 
radiometers and calibration procedures, see Al- 
brecht and Cox (1976), Albrecht and Cox (1977) 
and Smith Jr. tt ai (1988). In addition, the 
shortwave irradiances were corrected to a hori- 
zontal plane and normalized to the same time by 
taking into account Sabreliner flight information 
(i.e. pitch, roll, heading and angle of attack), as 
well as sun-earth geometry considerations (Ack- 
erman and Cox, 1981; hereafter AC). 

Since only one aircraft was used, broadband 
fluxes at different levels in the cloud were not 
measured simultaneously. As a result, sampling 
errors may occur due to the nonsteady state of 
the cloud field or due to the possibility that the 
flight legs were not flown directly above or be- 
low each other. To minimize these errors and 
to simplify the analysis, the necessary variables 
were averaged and the averages used in the cal- 
culations. The averaging for each flight leg was 
done in the following ways: 

(1) Average the appropriate variables using 
every data point along a flight leg to determine 
a mean value for the cirrus cloud field. 

(2) Average some percentage of the data to 
stratify the cloud into separate regimes (i.e. op- 
tically thicker or thinner than average). 

The downwelling shortwave and longwave ir- 
radiances were used as selection criteria to re- 
move cloud free data encountered along the data 
sampling leg, 

(a) Shortwave Stratification 

Find the lowest 30% of the downwelling short- 


wave irradiance values along each flight leg and 
average all irradiance variables corresponding to 
these points. 

(b) Longwave stratification 

Find the highest 30% of the downwelling long- 
wave irradiance values along each flight leg and 
average all irradiance variables corresponding to 
these points. 

The effective emittance (e*) is the ratio of the 
observed change in irradiance through a cloud 
layer to the change that would have occurred 
had the cloud been black, e*, as derived from 
the downward irradiance may defined as: 

. m _ gg(l) ~ Mk ) 

UJ “ aTg — Ht{1) 

where H( ) refers to the observed downwelling 
infrared irradiance, T is the mean temperature 
along the flight leg, the subscripts T and B re- 
fer to the top and bottom of the cloud layer, 
respectively, and a is the Stefan Boltzman con- 
stant. 

The cloud fractional absorptance (CFA) is de- 
scribed by AC and is defined as: 

CFA T > r Z k zil k Z £» ggj t 

H Jr 

where 

(H I -H t)r = net irradiance at cloud top, 
m -if T)b = net irradiance at cloud base, 
£\- Hsi S net energy gain or loss through cloud 
sides (i.e., dHxfdx + dHy/dy ), 

H ir= incoming irradiance at cloud top. 

In seeking ways to quantitatively express the 
spatial variability of the observed variables, two 
techniques have been applied: a histogram anal- 
ysis and a cumulative variance summary. 

The histograms were created by applying 
thresholds to detrended data and calculating 
the size f in kilometers) of each section that ex- 
ceeded the threshold. These sizes were then 
combined to form the histograms. In Figure 1, 
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an example graph, the +1 SD (standard devi- 
ation) threshold is exceeded between points F 
and G. The distance between F and G is then 
the size used in creating the histogram with the 
threshold of +1 SD. The count of the appropri- 
ate bin size will then be incremented. Similarly, 
the distance between E and H is the size used to 
increment the count of the appropriate bin for 
the +0.0 threshold. For the negative thresholds, 
-0.0 and -1 SD, the values must be less than the 
threshold (instead of being greater than for the 
positive thresholds) for the threshold to be ex- 
ceeded. Thus, the section between points B and 
E, and the section between H and K, exceed the 
-0.0 threshold. Similarly, the section between 
points C and D, and the section between points 
I and J, exceed the -1 SD threshold. Sections 
of the graph at the ends of the data set that 
exceed a threshold (i.e. section to the left of 
point B for the +0.0 threshold) are not used 
because the size is unknown. Each histogram 
contains several different heights to increase the 
total number of sizes. Since the thresholds are 
based on standard deviations and not absolute 
values, the distribution of sizes at each height is 
expected to be similar. 

The cumulative variance graphs were created 
by first using Fast Forrier Transforms to cre- 
ate a variance spectra. The variances were 
then summed in a cumulative fashion from the 
largest scalelengths (wavelengths) to the small- 
est. No detrending was done to the original data 
and no smoothing or averaging was done to the 
spectral points. Also, no points were removed 
due to the effect of the finite length of the file. 
This means that the spectral points at scale- 
lengths larger than about 4000 m (especially 
greater than 8000 m) may only be qualitatively 
correct. The cumulative variance at the smaller 
scalelengths should be correct because a more 
accurate representation of the variance at the 
larger scalelengths should only redistribute the 
energy amongst the larger scalelengths. 

2. Flight Description 

The Sabreliner flight on the morning of 28 Oc- 
tober 1986 was flown over the western shore of 
Lake Michigan. There was a shortwave (pres- 
sure) ridge over the region with a trough ap- 
proaching from the west. 

The cirrus, the Sabreliner flew through, was 
thin and had a banded structure. Cloud base 
of the upper cloud deck varied from about 8.8 
km to 9.2 km with broken undercast beneath. 
Cloud top was at about 11.0 km. 

The Sabreliner flew a racetrack pattern with 
the flight legs being oriented about 30 degrees 


off of the mean wind direction WNW. Because 
of the racetrack pattern, it became apparent 
that the cloud on the NW side had different 
characteristics than the cloud on the SE side 
of the racetrack. Therefore the data from each 
racetrack side were treated separately. “Cloud 
l w , on the SE side of the racetrack pattern, in- 
cluded the flight legs at heights: 11.3 km, 10.0 
km, and 8.8 km. “Cloud 2”, the NW side of 
the racetrack, was sampled at heights: 10.7 km, 
9.4 km, and 8.5 km. Tables la and lb show the 
times, positions and headings of the flight legs 
for each of the designated clouds. 

Table la. Cloud 1 flight leg times, positions 
and headings. 


T*bU 1*. Cloud l flight lag tunas, positions sad heading*. 


( k "») 

Tuns 

(GMT) 

Start 

Lat 

Long 

Tima 

(GMT) 

End 

Lat 

Long 

Heading 

11.3 

15:45:48 

44.29 

-87.89 

15:48:58 

44.45 

-87.41 

120 

10.0 

16:00:56 

44.27 

-87.89 

16:04:31 

44 45 

-87.36 

119 

8.8 

16:16:4? 

44.26 

-87.93 

16:20:41 

44.44 

-87.36 

113 


Table lb. Cloud 2 flight leg times, positions 
and headings. 


Table lb. Cloud 2 Bight leg times, positions sad headings. 


Height 

- (M 

Tim* 

(GMT) 

Start 

Ut 

Long 

Time 

(GMT) 

End 

Let 

Long 

Heading 

10.6 

15:36:22 

44.37 

-87.44 

15:41:54 

44.13 

-88.14 

292 

10.7 

15.53:20 

44.86 

-87.39 

15:57:17 

44.54 

-87 91 

288 

9.4 

1607:45 

44.65 

-87.21 

16:1330 

44.45 

-87.93 

289 

8.5 

16:24:44 

44.52 

•87.36 

16:3034 

44.48 

-88.11 

275 | 


3. Results 

Cloud fractional absorptance values were de- 
duced from pyranometer measurements in the 
.3-2.8 fi m spectral region with a correction 
made for sampling of finite cloud effects in the 
manner described by AC. 

Figure 2 shows a plot of the solar cloud frac- 
tional absorptance vs the infrared emittance for 
the two, two layer cloud samples defined in Ta- 
ble 1. The lower values represent a layer with 
a 1.3 km geometric thickness while the higher 
values represent a 2.5 km thick layer. Values 
derived from both the SW stratification and 
the LW stratification are shown. As we men- 
tioned above, the stratification of the data was 
necessary to eliminate the banded structure of 
cirrus cloud within each data leg. In essence, 
both clouds for both stratifications show very 
similar radiative properties with emittances be- 
tween .48 and .55 for the thicker layers and .28 
and .30 for the thinner layers; similarly the SW 
fractional absorptance varies from .08 to .09 for 
the thicker layers and .05 to .06 for the thinner 
layers. Within the errors of the observations, 
the slopes of the lines connecting these points 
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for the two clouds are essentially the same. 

Layer SW heating rates for these same cloud 
layers are given in tables 2 and 3. The heating 
rates for the two layers are encouragingly similar 
as would be expected from the previous figure; 
for the top 1.3 km layer they vary between .23 
and .29 ° C/hr and for the lower layer between 
.15 and .17 ° C/hr. 

Figure 3 represents the SW reflectance ob- 
served at cloud top for Cloud 2 for three spectral 
bandpasses. Tliis is an example of the structure 
of the observations in the raw data. 

Figures 4 shows the results of the histogram 
analysis of scale size variation on the measured 
vertical velocity. It is notable that most of the 
vertical velocity “cells” have horizontal dimen- 
sions less than 3 km. Figure 5 shows that the 
downward visible irradiance shows essentially 
the same structure as the vertical velocity. 

Figure 6 shows the cumulative variance anal- 
ysis for the albedo at the top of cloud 2. The 
continuous line is a fit to the plotted data points. 
This graphs may be interpreted to show the per 
cent variance explained by scale lengths larger 
than a given value. For example, this figure sug- 
gests that 85% of the variance arises from fea- 
tures whose horizontal scale is greater than 10 
km. Figure 7 illustrates the cumulative variance 
analysis for vertical velocity applied to each of 
the flight levels in the sample of cloud 2. The 
solid curve represents the 10.6 km height, the 
dashed curve - 9.4 km, and the dotted curve - 
8.5 km. Notable is the narrowing of the scale 
length with increasing height. Fifty percent of 
the variance is explained by features larger than 
13 km at the 10.6 km height, larger than 22 km 
at the 9.4 km level and larger than 50 km at the 
8.5 km level. 
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TkbU 2. Layer hniik| rttw (.3*2.1 pm) in degreee/hr. for Cloud I 


Z * 1 1.3 Km 

MEAN 

1R STRATIFICATION 

SW STRATIFICATION 


• 

.233 

.261 

Z m 10.0 Km 

• 

(ji«) 

(.309) 


•ITI 

■ IM 

.173 

tm 8.8 Km 

(■»>) 

(M») 

(MI) 


Valuta in 

parentheses uncorrected for cloud inhomogeneitie* 1 


'indicate* heating rate indeterminate 


Table 3. Layer heating ratce (.3-2.8 pm) in degrees/hr. for Cloud 2 


Z a* 10.7 Km 

MEAN 

IR STRATIFICATION 

SW STRATIFICATION 


• 

.289 

.266 

Zm 9 A Km 

• 

• 

(.431) 


.171 

.166 

.148 

Z « 8.5 Km 

(•338) 

(»*) 

(.158) 


Value* in 

p area theses uncorrected for cloud inhomogcnciitce j 



Figure I. Example plot illustrating procedure 
for generation of size histogram plots (figs. 
4 and 5). 
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FIRE CIRRUS IFO 26 OCT 86 FLT. 12 



Figure 2. .3-2.8 p m CFA va. effective emittance 
for Cloud 1 and Cloud 2. 


FIRE CIRRUS IFO 28 OCT 86 FLT. I 2 
ALBEDO (10.7 km) 



Figure 3. Albedo for Cirrus Cloud 2. 


out Cirrus IFO 2a OCT 8S Tit. 12 
Vertical Velocity 



Figure 4. Histogram illustrating observed verti- 
cal velocity scale sizes (SD is standard devi- 
ation from detrended mean). 



Size (km) 

Figure 5. Same as Figure 4 but for downwelling 
shortwave irradiance. 


FIRE Cirrus IFO 25 OCT 86 Fit. 1 2 



Scoiefength (m) 


Figure 6. Cumulative variance of .3-2.8 ^ m 
albedo for Cloud 2. 


FIRE Cirrus IFO 28 OCT 86 Fll. 1 2 



Scoietength (m) 


Figure 7. Cumulative variance of vertical veloc- 
ity at different heights in Cloud 2. 
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I. INTRODUCTION 

The purpose of this study is to conduct a simultaneous examination of 
cirrus clouds in the FIRE Cirrus IFO-I on 10/28/86 using a multitude of remote 
sensing and in- situ measurements. The focus of the study is cirrus cloud 
radiative properties and their relationship to cloud microphysics. A key 
element of this study Is the comparison of radiative transfer model calculations 
and varying measured cirrus radiative properties (emissivity, reflectance vs. 
wavelength, reflectance vs. viewing angle). As the number of simultaneously 
measured cloud radiative properties and physical properties increases, more 
sharply focused tests of theoretical models are possible. 

II. CALIBRATION AND NAVIGATION 

The area of interest is shown In Figure 1 using the Landsat 11.5pm 
brightness temperature. The region shown is 2048 by 2048 pixels with a length 
of 58.4 km on a side. Time of the Landsat overpass is 1553 GMT on 10/28/86. 
Calibration for all Landsat channel radiances is taken from Markham and Barker 
(1986) . Absolute accuracy of solar reflectance bands is estimated as 10 percent 
of any radiance value. 

Figure 1 also gives the aircraft tracks of the ER-2 and King Air 
aircraft. Nominal navigation accuracy for Landsat and aircraft is 1 km. The 
King Air track (curved in Figure 1) has been advected using the King Air wind 
measurements (7.3 km altitude), in order to compensate for the cloud motion 
between the time of the aircraft observations and the time of the Landsat 

overpass. Typical wind speeds are 16 m sec ^ from the west (270°), giving a 
largest advection distance of 15 km for the King Air data at 1536 GMT shown at 
the top of Figure 2. The opposite end of the King Air track required a 
correction of 1 km. 

The ER-2 observations are taken within ± 2 minutes of 1553 GMT and 
require maximum wind corrections of 2 km. For all multiple platform 
intercomparisons, radiance data from the ER-2 and Landsat are spatially averaged 
to 1 km resolution in order to reduce the effect of noise from limitations in 
navigation accuracy and time simultaneity. 
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III. NADIR REFLECTANCE VERSUS 11.5nm EMISSIVITY 
Figure 2 gives the observed nadir reflectance R versus 11.5pm effective 
emissivity e using the Landsat radiances along the ER-2 groundtrack (data given 
as points). Nadir reflectance is calculated as an equivalent Lambertian 

-2 -I -1 

reflectance, R »» 7 tL/SqCos0q, where L is spectral radiance (Wm sr pm ), is 

-2 -1 

solar spectral flux (Wm pm ) averaged over the narrow spectral bandpass, and 
00 is the solar zenith angle (63°). Effective emissivity is calculated 

following Platt et al (1980), c - ( L c ^ r “ *n^A L clr" L c ^) where is the 

measured 11.5pm radiance, L c ^is the clear-sky 11.5pm radiance determined using 

the apparently clear area in the lower right of Figure 2, and L cld is the 

blackbody radiance which would be emitted by an optically thick cloud at the 
altitude of the cirrus layer. Cloud altitude is determined using the ER-2 lidar 
data . 

Backscatter crossections from the ER-2 downlooking lidar give two cloud 
layers beneath the ER-2. The lower cloud layer is between 6.9 and 8.0 kra 
altitude, while the upper layer is between 8.9 and 11.2 km altitude. An 
examination of optically thick portions of the cloud field (nadir 0.83pm 
reflectance between 50% and 60%) using the Landsat 10.8pra channel data gave an 
emitting temperature of 231K, which the Green Bay radiosonde places at an 
altitude of 9.0 km. This would place an optically thick cirrus cloud layer at 
an altitude where no cirrus was visible in the lidar backscatter, a puzzling 
result. One possibility for the discrepancy in these results is that the 
optically thick brightness temperature measured by the Landsat (and ER-2) 
radiometers was produced by a combination of an optically thick lower layer with 
cloud top at 8 km and an optically thin overlying cirrus at 9-11 km. In this 
initial work, an 9.0 km cloud height is used for emissivity calculations. If 
the appropriate cloud altitude were in fact 7.5 km, or 10.0 km, an error of 
± 15% in 11pm emissivity would occur. 

Figure 2 compares the measured 0.83pm reflectance vs 11pm emissivity to 
theoretical calculations. In order to make the model and measurements more 
directly comparable, the first order reflectance of the surface (Lake Michigan) 
has been removed as described in Platt et al (1980). This correction causes the 
data to tend to zero reflectance and zero emissivity as cloud optical depth 
tends to zero. The correction is approximately 4% in nadir reflectance for 
small optical depths, decreasing to no correction for large optical depths. The 
theoretical results are shown for calculations of cloud albedo using a Delta- 
Eddington approximation with single scattering albedo - 1.0; asymmetry factor 
g = 0.88 for spherical drops and g - 0.73 for cylindrical ice particles; and the 
ratio of scattering optical depth at 0.83pm 7-^(0. 83) to absorption optical depth 

at 11.4pm r (11.4) is taken as r (11.4)/r (0.83) « 0.57 for spheres and 0.50 for 
a as 

cylinders. These parameters are those used in Platt et al (1980). In all 
modeled results, emissivity is absorption emissivity. Wielicki (1980) showed 
that effective nadir emissivity is within 1% of absorption emissivity for 11.5pm 
radiation in spherical ice clouds 20pm mode radius, using ATRAD adding doubling 
calculations (Wiscombe, 1975), Finally, multiple scattering calculations were 
performed using the Finite Difference method ( Barks trom, 1976) as extended by 
Suttles (1986). The Finite Difference method produced estimates of nadir 
relfectance meant to be directly comparable to the Landsat reflectance. The 
Finite Difference code was run using a single scattering albedo of 1.0 and a 
double Heyney-Greenstein phase function with parameters b“0.98, g^»0.9, and 



g 2 ~ -0.5. Figure 3 compares this phase function with a single H-G phase 

function (g“0.9) and with two phase functions from Liou, 1973 for Mie 
calculations of spherical water drops, and for theoretical calculations for 
randomly oriented cylinders. In general, the cylinders exhibit much more side 
scattering (60 to 120° scattering angles) than do spheres. The double H-G phase 
function is intermediate between the sphere and cylinder phase functions. Note 
that for single scatter, radiation scattered from the solar zenith angle of 63° 
to nadir for Landsat would have a scattering angle of 117°, where large 
differences in the three phase functions occur. Figure 2 indicates that the 
measured nadir reflectances are much larger than those predicted using the 
double H-G, indicating larger side scattering, more consistent with the 
cylindrical phase function. Figure 2 also demonstrates the large anisotropy of 
reflected radiation for thin cirrus. Albedo is much larger than nadir 
reflectance (Finite Difference albedo is very similar to the Delta- Eddington 
values for spheres), indicating the importance of using multiple-scattering 
calculations capable of determination of viewing zenith and azimuth variations 
of reflected radiation (see also King, 1987). Future work will investigate Hie 
calculations using the observed King Air microphysical measurements , and 
hexagonal ice crystal phase functions. 

IV. MULTIPLE ANGLE VIEWS OF CIRRUS 

Given the large differences between nadir reflectance and albedo for 
optically thin cloud, an additional independent test of theoretical calculations 
is their ability to predict the reflectance anisotropy as a function of viewing 
zenith angle and viewing azimuth angle. A particular ily useful test is the 
determination of the ratio of reflectance at two viewing angles of the same 
cloud. This ratio eliminates sensitivity to uncertainties in the absolute gain 
calibration of the radiometer. The ER-2 flight path on 10/28/86 was chosen to 
provide observations as a function of angle in the solar plane (i.e. viewing 
azimuth angle of 0° (forward scatter) while scanning to the right of the 
aircraft, and 180° (backward scatter) while scanning to the left of the 
aircraft). Figure 4 gives a schematic of the geometry for the Landsat/ER-2 
intercomparison . 

The first step in this process is to use the nadir ER-2 observations to 
intercalibrate the ER-2 and Landsat radiometers. After navigation, a regression 
of 1-km averaged ER-2 and Landsat radiances gave R(ER-2) « 0 . 779*R(Landsat) - 
1.61 (units of nadir reflectance) with a la uncertainty in the gain of ± .025 
and correlation coefficient of 0.993. While the final agreement between the 
radiometers is good, the relative gain differences in these two radiometers at 
0 . 83/xm is larger than expected. More careful calibrations of narrowband 
radiometers are recommended for future work. 

Having navigated and intercalibrated the Landsat and ER-2 radiometer 
data at nadir, off nadir observations at 30° were examined. In view of the 
presence of two cloud layers, and lack of lidar data for off nadir viewing, the 
30° viewing zenith data was navigated using test cloud altitudes between 6.5 and 
12.5 km. Spatial variations in the 30° viewing zenith ER-2 data matched those 
in the nadir Landsat view when cloud height was set to 7.5 km, In the center of 
the lower cloud layer. Poor correlations were found assuming cloud heights 
within the upper cloud layer. This test indicates that the shortwave radiative 
properties are dominated by the lower cloud level, consistent with microphysical 
measurements showing increasing ice water content with decreasing cloud height. 

After subtracting off the surface reflectance contribution as in section 
III, measured cloud reflectance ratios R(0»»3O ,$“*0)/R(nadir) ranged from 1.3 to 
1.5, where $ is viewing zenith angle and 4> is viewing azimuth angle relative to 
the solar plane (<£-0 is forward scatter). Cloud reflectance ratios for 
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backscattered radiation R ( 0»*3O, ^***180 )/R( nadir) ranged from 0.8 to 1.2. 
Theoretical calculations for the reflectance ratios using the Finite Difference 
model discussed in section III are shown in Figure 5, and show more anisotropy 
in both forward and backscatter ratios than the data. Recall that the 
scattering optical depth given in Figure 5 is approximately twice the absorption 
optical depth at 11.4/im, so that scattering optical depth 1 is approximately an 
eraissivity at 11. 4pm of l-exp(-0.5) - 0.39, typical of the data shown in Figure 
2. Note that the reflectance ratio is a strong function of optical depth in 
Figure 5, indicating the importance of cloud optical depth when using radiance 
(i.e. bidirectional reflectance) to estimate flux. This might impact the 
accuracy of ERBE derived fluxes for optically thin cirrus cloud. 

V. NADIR REFLECTANCE: VISIBLE AND NEAR- INFRARED WAVELENGTHS 

Theoretical calculations predict that cloud reflectance in near- infrared 
windows such as those at 1.6pm and 2.2pm should give lower reflectances than at 
visible wavelengths. The reason for this difference is that ice and liquid 
water show significant absorption at these wavelengths, in contrast to the 
nearly conservative scattering at visible wavelengths. In addition, because the 
amount of absorption scales with the thickness of the particle, increasing cloud 
particle size should lead to decreasing reflectances at 1 . 6pm and 2.2pra. 
Measurements of these wavelengths have to date, however, given unpredicted 
results (Twomey , 1982; Curren et al, 1982). 

The Landsat satellite has channels with central wavelengths at 0.83pm, 
1.65pm, and 2.21pm which cover this range of variation in cloud absorption. 
Figure 6 gives the ratio R(2 . 21pm)/R(0 . 83pm) for the Nadir Landsat data along 
the King Air ground track. At 153830GMT (at 13.7 km on the distance scale in 
Figure 6, the King Air aircraft took a direct sample of the cloud particles and 
found almost entirely water droplets, approximately 5- 10pm in radius. This 
corresponds to the large anisotropic ratio (near 0.75) found in the Landsat 
data. A second direct cloud particle sample was collected at 1552GMT, 
consisting strictly of ice particles (broken spatial plates and some columns, 20 
to 300pm in length) . This second sample corresponds to a distance of 88 km in 
Figure 6 and shows a low measured reflectance ratio («0.5). 

Figure 7 compares theoretical calculations using the Finite Difference 
radiative transfer model with the measured nadir reflectance at 0.82 and 2.2pm 
along the King Air groundtrack. It is evident that there are two distinct 
populations of cloud particles along the 88 km track. The high reflectance 
ratio values in Figure 6 appear along the diagonal of nearly equal reflectance 
at the two wavelengths and are consistent with water or ice droplets with mode 
radius of 7 . 5pra or less. The remaining data indicates larger particles of about 
30pm mode radius. Examination of the 1.6pm versus 2.2pm data indicate that the 
7.5pm particles are water as opposed to ice. Further work using the King Air 
microphysical data along this groundtrack will allow determination of the 
effective particle size of the ice crystals in the lower cloud. The Sabreliner 
will provide microphysical data for the upper cirrus level, although on a 
different flight path. 

VI. CONCLUSIONS 

The 10/28/86 data provides a unique opportunity to compare measured and 
theoretical cloud properties for cirrus clouds. Overall impressions from the 
present analysis are: 

1. The cirrus clouds produced more side-scattered radiation (scattering 

angle 60° -120°) than predicted by spherical particles. Cylindrical particle 
scattering appears to better describe the cirrus properties. 



2. Variation of measured cloud reflectance at 0.82/im versus 2 . 21/im was 
consistent with King Air cloud particle samples, and in reasonable agreement 
with theoretical calculations. 

3. The lower cirrus layer (7-8 km) appeared to dominate the cloud radiative 
properties as viewed by the ER-2 and Landsat . Initial indications from King Air 
and Sabreliner microphysics confirm the larger ice water contents In the lower 
cloud layer. 

4. Better calibrations of narrowband shortwave radiometry are desired. 

Future work will test use measured cirrus microphysical properties to determine 
phase functions used in the radiative transfer calculations, and to compare 
measured particle size to ratios of visible and near- infrared reflected solar 
radiation. 
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SURFACE RADIATION OBSERVATIONS FOR OCTOBER 27-28, 1986 
DURING THE WISCONSIN FIRE/SHB EXPERIMENT 
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LeCroy, S. R. 

Planning Research Corporation, 
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D. A. Robinson 
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The purpose of this paper is to present a portion of both the 
shortwave and longwave surface radiation data measured during the 
combined FIRE (First ISCCP Regional Experiment) and SRB (Surface 
Radiation Budget) experiments conducted in central Wisconsin from 
October 14 to November 2, 1988. Figures 1 and 2 summarize the 
time periods from which high quality measurement values were 
obtained. Data gaps exist because of either equipment 
malfunctions or electrical power failures. Intercomparison of 
pre-experiment measurements by the various organizations involved 
suggests that all stations are accurate (relative to each other) 
to within about 10 W/m -2 on a 24-hour daily average basis. Most 
of the instruments were calibrated by the National Radiation 
Centers in either the U.S. (National Oceanic and Atmospheric 
Administration) or Canada (Atmospheric Environment Service). 

October 27-28, 1986 have been selected for detailed case study 
because a large amount of cirrus clouds existed over the 
experiment region on those days. Figures 3 and 4 show downwelled 
irradiance values at each surface station at the times of 
afternoon NOAA-9 overpasses. Unfortunately, October 27th was a 
day in which a number of the sites experienced unexpected 
problems. Values shown are 10-minute averages centered about 
each overpass time, but minute-average data are available. 

Similar data will be presented for both GOES and Landsat 
overpasses. In addition, time histories of each site will be 
available for synchronization with aircraft overpasses which 
occurred during those two days. Downwelled shortwave irradiance 
values will be correlated with narrow-band cloud optical depth 
values from Ft. McCoy in order to determine if there is a 
reasonable quantitative relationship between Eppley-measured 
surface shortwave irradiance and cirrus cloud optical depth. 
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Figure 1. Wisconsin FIRE/SRB shortwave data periods - 


FIRE/SRB LONGWAVE DATA COLLECTED 
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Figure 2. Wisconsin FIRE/SRB longwave data periods. 
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(a) October 27, 1986, 



(b) October 28, 1986. 


Figure 3. Downwelled shortwave surface irradiance (Vi/m 2 ) 
at time of afternoon NOAA-9 overpass. 
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by 

J, M* Alvarez 1 , M* P. McCormick 1 M. A. Vaughn 2 , G. Kent 3 , W. H* Hunt 4 , 
W. H. Fuller 1 , B. R. Rouse 1 , and R. Dubinsky 3 


Using the Langley 14" Aircraft Lidar for cirrus cloud observations at 
Langley Research Center in Hampton, Virginia is overkill both in terms of the 
actual lidar and the people required to run the system* A small lidar system 
to be used specifically for cloud probing was designed and constructed at 
Langley in 1987. This lidar is presently being used to collect the FIRE ETO 
(Extended Time Observation) data at Langley. 

A description of the new FIRE Cloud Lidar System will be presented at 
this workshop. The data collected by this lidar wilt be discussed as well as 
some of the cloud statistics emerging from the data. A brief synopsis of 
system performance will also be given. 


1 NASA Langley Research Center, Atmospheric Sciences Division, 

Hampton, VA 23665-5225 

2 Christopher Newport College, Newport News, VA 23601 

3 Science and Technology Corporation, 101 Research Drive, Hampton, VA 23666 

4 Wyle Laboratories, Hampton, VA 23666 
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Interpretation of the Optical and Morphological Properties of Cirrus 
Clouds from Lldar Measurements 

Christian J. Grand and Edwin W. Eloranta 
University of Wisconsin, Department of Meteorology 
1225 W. Dayton St., Madison, Wl. 53706 


I. Introduction 

Lidar measurements can provide a great deal of information about the structure, location, and 
scattering properties of cirrus clouds. However, caution must be used when interpreting raw lidar 
backscatter profiles in terms of relative or absolute extinction distribution, internal cloud structure, and, 
at times, cloud location. The problem arises because the signal measured from a range by any 
monostatic lidar system depends on the backscatter cross section at that range and the 2-way optical 
thickness to the scattering volume. Simple lidar systems, however, produce only one measurement of 
attenuated backscatter from each range. It is the purpose of this paper to aid the general FIRE 
research community in interpretation of lidar measurements, and to explain the special capabilities of 
the High Spectral Resolution Lidar (HSRL). Some examples will be given of conditions under which 
direct interpretation of cirrus cloud morphology from simple lidar profiles could be misleading. 


II. Lidar Theory 

Simple lidar systems cannot separate the extinction and backscatter components of the lidar 
signal without additional information or significant assumptions about the atmosphere and/or 
scattering properties of the particles. This may be readily seen from the lidar equation 


P(R) - 


E .S 


-to— + M(R) 


( 1 ). 


Here, P(R) is the power incident upon the receiver from range R, Eg is the energy of the transmitted 

pulse, £ - A r ■ c / 2 where A r is the receiver area and c is the speed of light, P K (R) is the backscatter 

cross section per unit volume, P e (R) is the extinction cross section per unit volume, and M(R) is the 

contribution from multiple scattering. The most frequently reported lidar measurement is P(R)-R 2 /Eo, 

the energy normalized and R 2 corrected backscatter. Both p J[ (R)/4n and P e (R) are due to the effects 

of particles and molecules. The factor of 2 in the exponential term accounts for the extinction along 
the 2-way path between the lidar and the backscattering volume. 

As can be seen, P(R) depends upon both the local value of P ]C (R)/4n and upon the integral of 
P e (R). Only a single measurement of P(R) is provided at each range by simple lidar systems leading to 


ambiguities in the direct evaluation of P rc /4ji or P £ . The problem is severe enough so that with certain 
p£(R) profiles or certain penetration angles, it is possible that the clouds could be rendered invisible to 
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simple lidar systems 1 . This can occur whenever ($ e (R) increases with penetration in such a way that 

the increase in backscattered energy with range is just offset by the increase in 2-way path 
attenuation, in addition the multiple scattering contribution M(R) can further complicate matters by 
effectively increasing P(R) in a way which depends upon the unknown spatial distributions of the 
scattering phase function and optical thickness between the lidar and the sensed volume 2 . 

While several techniques have been employed to untangle from p g 3.4,5,6 each me thod 

requires significant assumptions about the distribution of scatterers and about the nature and profile 
of the particulate backscatter to extinction ratio. The multiple scattering contribution, which can 
become large in returns from cirrus clouds, may be minimized by a narrow field of view (fov) design for 
the lidar system. This solution is often difficult to achieve and is therefore not frequently implemented; 
however, narrow fov (-.32 mrad) is a necessary requirement for the high resolution spectrometer 
employed in the HSRL, thus the uncertainties caused by the effects of multiple scattering processes 
are greatly reduced in the cirrus cloud data acquired with this system 7 . 

III. HSRL Technique 

The HSRL differs from simple lidar systems in that it separates the particulate backscatter 
component from the molecular backscatter component of the lidar return. Extinction is directly and 
unambiguously determined from the separated molecular backscatter return and an atmospheric 
density profile. This is possible because the atmospheric density determines the molecular 
backscatter cross section, thereby establishing a known target available at every range. 

The HSRL achieves the separation of the molecular and particulate backscatter by utilizing 
spectral distribution differences in the scattered energy. Rapid thermal motion of molecules Doppler- 
broadens the molecular backscatter spectrum. Particulates are more massive than molecules and are 
thus characterized by relatively stow Brownian drift velocities which produce insignificant Doppler 
broadening of the particulate scattered spectrum. Using a multi-etalon pressure-tuned Fabry-Perot 
spectrometer, the HSRL simultaneously observes the lidar return in two channels 8 * 9 . The spectrally 
narrow (-.6 pm FWHM) "particulate channel", centered on the transmitted wavelength (510.6 nm), is 
most sensitive to particulate scattering and to the central region of the Doppler-broadened molecular 
spectrum. With a prominent notch in the center of its bandpass, the spectrally wider (-5 pm FWHM) 
"molecular channel" accepts the entire Doppler-broadened molecular spectrum while rejecting much 
of the particulate scatter. Thus, the signal in each channel represents a different linear combination of 
the aerosol and molecular scattering contributions to P(R). Complete separation of the two channel 
signals requires the determination of a 2X2 matrix of linear inversion coefficients. These coefficients 
are determined by diffusely filling the receiver telescope with attenuated laser light and observing the 
response of the two channel signals to a spectral scan of the receiver 7 . 

Because the HSRL separately measures molecular and particulate backscatter, two lidar 
equations may be written which are coupled by a common extinction term. Assuming M(R) is 
negligible, the molecular and particulate lidar equations may be written 

R 

-2 1 P e (f) dr 

p m (R)R 2 = E^pjR)^ e 0 


(2), and. 
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The subscripts a and m denote particulate and molecular scattering quantities. The term particulate 
includes both aerosol particles and cirrus cloud particles, and the subscript notation , a, is retained to 
preserve continuity with cited references. In addition, the backscatter cross section has been 
expanded into its component parts 

p n (R)/47C = P a (R) 3P a (R.K)/47C + P m (R) 3/8* (4) 

where P a (*) denotes the particulate backscatter phase function and p a m denote the respective 
scattering cross sections per unit volume, and the molecular backscatter phase function has been 
replaced with its analytic value, 3/8*. 

With knowledge of the profile of atmospheric density from a convenient radiosonde (or from 
climatology), eq. (2) is completely defined, and may be solved explicitly for the extinction. Thus, the 
underdetermination ambiguity in eq. (1) has been eliminated in the HSRL by effectively calibrating the 
system at each range with the known molecular backscatter cross section. The particulate backscatter 
cross section is also unambiguously determined from the ratio of eq. (3) to eq. (2). 
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(5) 

In the absence of particulate and gaseous absorption, Pa “ Pe ' Pm ; therefore, the backscatter phase 
function is uniquely determined from (5) and the atmospheric density profile 


P a ( *. R ) m 3 P a (R) 

4ft " Pm( > 8* [p E (R)-P m (R)lP m (R) 

(6) 


IV. Example 

Fig. 1 shows an example of the raw R 2 corrected backscatter from cirrus clouds ahead of a warm 
front. This data is a plot of 10 minute averaged, un-inverted HSRL returns, and is similar to the 
expected output from a simple lidar system. After calibrating the HSRL and separating the particulate 
and molecular scattering profiles, the extinction corrected backscatter cross section was plotted in fig. 
2. Note the significant altitude differences in the centers of scattering activity between the extinction 
corrected and un-corrected plots, particularly in the latter half of the record. Cloud tops could easily be 
mispositioned to a lower altitude in the uncorrected plot because extinction has attenuated the 
upper-cloud-scattered energy. 

The layer optical thickness and backscatter phase function plots for this day 10 have indicated that 
a substantial portion of the structural details evident in fig. 2 may, in fact, be due to modulations in the 
backscatter phase function, and not simply due to changes in extinction. Because of this effect, one 
must use caution in interpreting relative changes in backscatter as changes in extinction. Changes in 
backscatter may be related to changes in scatterer phase and habit as well changes in the number 
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density or radiative effects of particles. 


V. Summary 

We have explained some of the potential pitfalls of casual application of simple lidar data to the 
determination of cloud morphology and optical parameters. In optically thick clouds, correction for 
extinction may be important for the determination of cloud boundaries, and for the realistic rendering 
of structural details. Interpretation of relative backscatter changes as modulations in cloud extinction 
may not be valid for rapidly evolving cloud systems. 

The unique capabilities of the HSRL have been explained and have been used to illustrate the 
potential problems with direct interpretation of one-channel lidar system retrievals. The HSRL has 
several disadvantages when compared to simple lidar systems. In its current state of development, the 
HSRL is complicated and time consuming to maintain, align, operate, and calibrate. Because of the 
many optical surfaces in the receiver, much of the backscattered light is lost before measurement. The 
spectral purity and stability of the transmitter must meet stringent requirements, reducing the choice 
of lasers. With the current CuCl2 laser transmitter, output power is limited to 50 mW. Nevertheless, 
successful measurements of optical thickness, backscatter phase function and backscatter cross 
section have been achieved in cirrus clouds with 10 minute time resolution. Internal cloud details of 
backscatter phase function, and time resolution sufficiently short as to allow angle scanning (possibly 
volume scanning), will await integration of a new laser transmitter. The new transmitter will decrease 
averaging times by at least a factor of 40 and will hopefully be ready for operation by the time of this 
meeting. 

Support for this work has been provided under ARO grant DAAG29 - 84 - 0069 and ONR contract 
N00014 - 85 - K - 0581. 
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Eppley Laboratory Inc. model PIR pyrgeometers and model PSP pyranometcrs have budt in temperature 
compensation circuitry designed to limit relative errors tn the measurement of radiation to ± £% for a temperature 
range of -£0 C to +40 C. A procedure developed to verify this specification and to determine the relative sensitivity 
to temperatures below - 20 C is described. Result* of this calibration and application to data correction are also 
presented. 


1, INTRODUCTION 

Broadband radiometers manufactured by Ep- 
pley Laboratories Inc. are commonly used to 
measure irradiance from both ground-based and 
aircraft platforms. Namely, the pyranometer 
(Model PSP) measures irradiance in the .3-3 
micron spectral region while the pyrgeometer 
(Model PIR) senses energy in the 4-50 micron 
region. The two instruments have a similar 
thermopile construction but different filters to 
achieve the appropriate spectral selection. 

The precision pyranometer has been de- 
scribed by Albrecht and Cox (1976) and Robin- 
son (1966). These instruments are typically sent 
to the manufacturer for calibration relative to 
a group of reference standards. Calibration of 
the pyrgeometer is more complex and can be 
performed following the procedures of Albrecht 
and Cox (1977). For a description of this instru- 
ment, see Albrecht et ai (1974). Several other 
authors have made contributions in assessing 
the performance of pyrgeometers. For example, 
see Weiss (1981), Bradley and Gibson (1982) 
and Ryzner ana Weber (1982). Foot (1986) 
points out that the main problem with achiev- 
ing accurate irradiance measurements from the 
pyrgeometer is associated with errors caused by 
temperature gradients within the instrument it- 
self. He suggests minimizing these errors by uti- 
lizing a newly constructed pyrgeometer which 
demonstrates a markedly reduced sensitivity to 
temperature gradients. 

During the fall of 1986, the First IS- 
CCP (International Satellite Cloud Climatol- 
ogy Project) Regional Experiment (FIRE) com- 
menced witn the first cirrus Intensive Field Ob- 
servation (IFO) conducted in central Wiscon- 


sin. Due to the nature of this field project, 
pyranometers and pyrgeometers manufactured 
by Eppley were flown on NCAR’s high altitude 
research aircraft, the Sabreliner. Inherent in the 
construction of these radiometers is tempera- 
ture compensation circuitry designed to make 
the instrument sensitivity nominally constant 
(within ± 2%) over a temperature range from 
-20 C to +40 C. Because the Sabreliner flew 
at high altitudes where temperatures were as 
cold as -70 C, it was necessary to determine the 
radiometers relative sensitivity to temperatures 
below -20 C and apply appropriate corrections 
to the FIRE radiation data set. A procedure to 
perform this calibration is outlined below. It is 
meant to serve as a supplement to the calibra- 
tion procedures referenced above. 

2. LABORATORY SET UP 

Six Eppley Laboratory Inc. manufactured ra- 
diometers were flown on the NCAR Sabreliner 
during the FIRE first cirrus IFO. Of these six, 
only three were available for this particular cal- 
ibration at NCAR’s Research Aviation Facility 
(RAF) and included two pyranometers and one 
pyrgeometer. Because this calibration is con- 
cerned with radiometer thermopile characteris- 
tics only, the calibration procedure can be sim- 
plified by converting them all to visible radiome- 
ters. This conversion only requires that the 
domes be visibly clear. The three radiometers 
were mounted inside an environment chamber 
at NCAR’s RAF so that they faced, and were 
encompassed in the field of view of, a plated 
glass window in the door. A light source was 
mounted directly in front of the radiometers 
but on the outside of the chamber. In addi- 
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fcion, an extra pyranometer was mounted on the 
outside of the chamber to monitor any changes 
in the light source output. Signal wires con- 
nected to the radiometers were passed through 
a datalogger to a computer where thermopile 
output, chamber temperature, room tempera- 
ture and the sink temperature of the pyrgeome- 
ter were recorded and monitored in real-time. 
For a more visual depiction of the laboratory 
set up, see figure 1. 

3. CALIBRATION PROCEDURE 

The temperature of the insulated environ- 
ment chamber was controlled so that data 
could be sampled every 5 C from +26 C to - 
63 C. Again, because we are concerned with 
thermopile characteristics only, the calibration 
procedure can also be simplified by ensuring 
that the radiometers are in thermal equilib- 
rium when data is recorded. The sink temper- 
ature of the pyrgeometer is the best indication 
of the temperature of the thermal mass of the 
radiometer. So, at each calibration point (i.e. 
each 5 C chamber temperature increment), the 
sink temperature of the pyrgeometer was moni- 
tored with respect to the chamber temperature 
to determine when the pyrgeometer was in ther- 
mal equilibrium. While the temperature of the 
chamber’s environment could be changed rather 
rapidly, it was found to take nearly an hour for 
the thermal mass of the pyrgeometer to achieve 
thermal stability. Since the pyranometers and 
pyrgeometer are nearly identical in construction 
and thermal mass, it was assumed that all ra- 
diometers reached thermal equilibrium at the 
same time. 

The instrument output was sampled at 1 Hz 
and recorded in 10 second averages. The source 
was chopped at each calibration point by cover- 
ing the plated glass window, thus shielding the 
radiometers from all shortwave radiation. This 
provided information concerning the dark cur- 
rent of the instruments. Because of the time it 
took for thermal equilibrium to be reached at 
each calibration point, it took several days to 
cover the entire temperature range from +26 C 
to -63 C in 5 degree intervals. At the begin- 
ning of each day, a room temperature calibra- 
tion data point was recorded. This data relates 
the output voltage of each radiometer being cal- 
ibrated to the output voltage of the pyranome- 
ter monitoring the source while all radiometers 
are at the same room temperature. So, for each 
instrument being calibrated, 

V m (T r ) = P (T r )[V c (T r ) - V d (T r ) ] 
where T r = room temperature 


V m = voltage output of source monitor at T r 
V e = voltage output of radiometer being 

calibrated at T r 

V d = dark voltage of radiometer 
p ss function relating V e to V m at T r . 

Then, for each subsequent calibration point, 

V«C Tr) = 9(r)[V c (T) - V d (T)\ 

where T = temperature of chamber and of the 
thermal mass of the radiometers being cali- 
brated 

q = function relating V c at T to V m at T r 
and the relative sensitivity is 

K{T,T r ) = p(T,)/q(T). 

Thus, the relative sensitivity K(T 9 T r ) is nor- 
malized to express the temperature dependence 
of each radiometers thermopile given a constant 
source of energy and with respect to some ref- 
erence temperature, taken here to be the room 
temperature (T r ) of 26 C. 

4. RESULTS 

Results of this calibration for the available ra- 
diometers are shown in figure 2. Within the 
electronically compensated temperature range 
from +40 C to -20 C, our results depict nom- 
inal instrument sensitivity within about 2.5%, 
close to Eppley Laboratory Inc. ± 2% speci- 
fication. Outside of this range (i.e. below -20 
C), errors could be as large as 7% at -63 C. A 
third order polynomial proved to provide the 
best fit to these data. These curves are also 
shown in figure 2. The corresponding coeffi- 
cients for these curves have been used to correct 
the data collected on board the Sabreliner dur- 
ing FIRE. Since two of the pyranometers flown 
on the Sabreliner were unavailable for this post 
mission calibration, an average was taken of the 
two curves that were developed and this third 
curve used to correct the data collected by the 
uncalibrated instruments. Similarly, one pyrge- 
ometer was also unavailable, so the curve devel- 
oped from the calibrated pyrgeometer was also 
applied to data collected by the uncalibrated 
pyrgeometer. 

5. APPLICATION TO DATA CORREC- 
TION 

The application of this calibration to data 
correction is straight-forward because the orig- 
inal calibrations were done at room temper- 
atures near the 26 C reference temperature 
used in this calibration. Eppley Laboratory 
Inc. states in their calibration documentation 
that the adopted calibration temperature for 
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the pyranometer is 25 C. For the pyrgeometers, 
the calibration procedure following the meth- 
ods of Albrecht and Cox f 1977) dictates that 
the temperature of the radiometer thermopile 
is near the room temperature of the laboratory. 
Albrecht et at. (1974) report that the sink tem- 
perature is representative of the thermopile sen- 
sor temperature. This is because the tempera- 
ture difference between the hot and cold junc- 
tions of the thermopile is, at most, 0.5 C for 
typical irradiance measurements in the atmo- 
sphere. 

The relative sensitivity (K) can be applied di- 
rectly to the pyranometer measurements to get 
the corrected value. For example, 

SWcorr = 1/K(T.)-C-V 

where V = thermopile output voltage of pyra- 
nometer 

C = calibration constant supplied by Eppley 
Laboratory Inc. to convert thermopile voltage 
output to units of irradiance (i.e. W/M 2 ) 

K{T g ) = the relative sensitivity at a temper- 
ature T t which is the sink temperature of an 
adjacent pyrgeometer 

SWcoRR = the corrected irradiance. 

For the pyrgeometer, an equation derived by 
Albrecht et at. (1974) and Albrecht and Cox 
(1977) of the form 

E = ^ + taT* - p<x{T]l - T*) 
where 

€ - emissivity of the thermopile (usually taken 
to be unity) 

a == Stefan Boltzmann constant 
TdyTg ~ dome temperature and sink tempera- 
ture, respectively 
7] } fi — calibration constants 
V = thermopile voltage 
E — incoming irradiance 

can be further corrected for temperature sensi- 
tivity by applying K(Ts) to the first term such 
that 

Ecorr = — + toT* - po[T A d - T a ) 

where Ecorr is E but corrected for temper- 
ature sensitivity. 

However, because the infrared irradiance 
(from the pyrgeometer) is a function of the sum- 
mation of several terms, the effect of the tem- 
perature sensitivity correction will be somewhat 


less for the pyrgeometer data than for the pyra- 
nometer data. Several FIRE data sets were an- 
alyzed to determine the magnitude of error be- 
tween corrected and uncorrected pyranometer 
and pyrgeometer measurements. Irradiance er- 
rors for the pyrgeometer were found to be, at 
most, 2-3 W l m 2 which is within the noise of 
the instrument. Because the temperature sensi- 
tivity correction is applied directly to the pyra- 
nometer measurements, errors could be as large 
as 7% of the uncorrected measurement at -63 C. 
In addition, errors as large as 10% were found in 
cloud fractional absorptance (CFA) calculations 
(See Ackerman and Cox (1981) for a description 
of CFA). 

6. SUMMARY 

A calibration procedure to correct Eppley 
Laboratory Inc. broadband radiometers for 
thermopile temperature sensitivity has been 
presented. This calibration should be per- 
formed prior to field work where radiometers 
of this type, particularly the pyranometer, may 
be exposed to temperatures beyond the range 
of the temperature compensation circuit. 
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BOTH SIDES NOW 


Donald Wylie 

Space Science and Engineering Center 
University of WIscons in-Madison 


On November 2, 1986 of the cirrus Intensive Field Observations, cirrus 
clouds were observed from both ground-based and aircraft lidar. The NASA ER2 
aircraft carrying a lidar, crossed Madison three times and Wausau five times 
during its mission. Ground-based Ildars from the University of Wisconsin in 
Madison and the University of Utah in Wausau were operating during the ER2 
overpasses. This gave FIRE unique lidar observations of cirrus clouds from 
both sides. 

Cloud cover on November 2 was absent from most of the FIRE observation 
area at the start of the ER2 mission (Fig. 1). There was a long line of 
cirrus and alto stratus clouds south of Madison. This cloud line was over 
Madison on the previous day and had moved south. Southern Wisconsin 
experienced very dry and cloudy skies. Cirrus clouds encroached upon the FIRE 
study area from the northwest. The clouds in northwestern Wisconsin were 
generally multi-layered cirrus clouds from 5 to 10 km altitude. The cloud 
layers were thin in central Wisconsin and thickened to the northwest. These 
clouds proceeded the warm from which approached Wisconsin from Canada. 

The movement of these cirrus clouds into Wisconsin is depicted by the 
time section of lidar data from Wausau (Fig. 2). Two separate layers of 
clouds were observed in the morning at 6-7 km and 10-11 km. After local noon 

(1800 GMT) , the cloud layers thickened into one nearly solid cloud mass from 5 

to 11 km. 

The NASA ER2 aircraft initially flew over the cloud band in Illinois 
south of Madison. Lidar tracks were taken going south into the cloud band 
along the band flying west, and flying north toward Madison away from the 
band. The aircraft crossed Madison at 18:49 GMT when there were no clouds 

present and extremely clear skies. It then proceeded north to Wausau at 19:00 

GMT crossing first on a northward track and the four additional east-west 
tracks. The last lidar cross section over Wausau is shown in Fig. 3 (19:59 
GMT) . 


The ER2 lidar vividly depicts the cloud top altitudes. A return from the 
ground also can be seen part of the time. Cloud interval structure and 
intermediate layers are sometimes visible to the lidar. The variable height 
of the cloud top is most apparent in Figs. 2 and 3. There appeared to be a 
high layer over Wausau (AUW) at 10.8 km. This gave a strong lidar return to 
the ER2 from 19:00 to 19:30 GMT. This was near the cloud tops found earlier 
by the ground-based lidar. A second lower layer at 7.6 to 9.2 km also is 
partially visible on the last ER2 crossing of Wausau and to the west (Fig. 3). 
The lidar picked up variable and broken cloud tops. Another high layer was 
apparent at the end of the track. 



The height of the highest cloud layers found by the ER2 Ildar are 
indicated on the time section from the Wausau ground-based lidar as thick 
horizontal bars (Fig. 2). It is apparent that the cloud tops remained at 10.7 
to 11 km until 19:45 GMT. The ground-based lidar is unable to define the 
cloud top after 19:00 GMT because of obstructing thicker cloud layers from 
below. Many variations in the cloud top height and cloud density were found 
by the ER2 . At 19:50 GMT, the ground-based lidar appeared to correctly 
identify some of the heights reported from the ER2 . The heights of the lower 
layers seen on the ER2 data are depicted on the time section as horizontal 
bars connected by a thin line. The positions of the bars in time were drawn 
assuming advection of the broken cloud top over Wausau. The height of the 
broken cloud layers appear to match some of the cloud tops found by the 
ground-based lidar. 

These lidar cross section show the layered and broken structure of the 
cirrus clouds. At least two layers were observed during the morning. Later 
during the afternoon, the layers were not easily discernible. The special 
structure indicated several breaks in the cloud top ranging from 5 to 50 km in 
width. Similar scales also were found on the Madison lidar as the edge of the 
cloud mass moved south during the day. 

Satellite cloud top analyses also indicated variable cloud top heights 
(Fig. 4). The GOES/VAS cloud top analysis was made at 20:18 GMT, 
approximately 25 minutes after the ER2 cross section. Satellite -derived cloud 
top heights were generally lower than the cloud tops visible from the ER2 . 

This relationship has been commonly observed in other comparisons of the 
GOES/VAS cloud analyses to lidar data. Less variable cloud top heights were 
found by the GOES/VAS analysis to the north of Wausau. More radiatively dense 
clouds were found in this region by the GOES/VAS system. 



Figure 1: The locations of lidar cross sections made by the ER2 on 

November 2, 1986. 

GOES-VAS satellite multi -spectral infrared analysis of cloud top 
heights for 20:18 GMT (25 minutes after the lidar cross section 
shown in Fig. 4), 




University of Utah tictor nt Wausau Wisconsin 



Figure 2: Composite picture of the ground-based University of Utah lidar 

(operated by Dr. K. Sassen) time section from Wausau, Wisconsin 
Shaded areas indicate the strength of the backseat tered return 
(uncalibrated). The mean height of the highest cloud tops from 
ER2 lidar crossing over Wausau are depicted as 



Figure 3; Cross section of lidar returns from the ER2 . Brightness (white) 
indicate the strength of the return (uncalibrated). 
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Figure 3 Continued 
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SUB-VISUAL CIRRUS DETECTION AND CHARACTERIZATION 

E. Schmidt, G. Grams, E. Patterson 
Georgia Institute of Technology, School of Geophysical Sciences 

Atlanta, Ga 30332 

Analysis of archived cold optics (COR) radiometer data is yielding useful 
information on the diurnal, geographic, seasonal and altitude variability of 
atmospheric background radiance levels in the 11 micron window region. This 
database is a compilation of Kuiper Infrared Technology Experiment (KITE) and 
Atmospheric Radiance Study (ARS) observations under a wide variety of conditions. 
Correlating the measurements from these two studies with the LOWTRAN model code 
has revealed several important results. First, the 11 micron window appears 
to be “filled- in, ” i.e., the troughs on either side of the nitric acid peak 
are shallower than expected. Second, the amplitude of the background radiances 
measured exceeds the model predictions by a factor of 2-3 or more. This is 
thought to be due to the existence of thin, high altitude cirrus clouds (sub- 
visual cirrus) above the sensor platform. These high background levels are 
observed under quiescent conditions in the south Pacific (Marshall Islands), 
as well as over the continental United States (the west coast). In the tropics, 
there appears to be little diurnal variability, a plausible seasonal variation 
and a linear dependence between 7.2 and 11,4 micron band data, indicating 
possible multi-spectral approaches to detection of sub-visual cirrus clouds. 

Theoretical analysis of the magnitude of the effects of a sub-visual cirrus 
cloud on atmospheric background radiances measured by a near-horizontal sensor 
is in progress. Fine tuning of the radiative transfer calculations requires 
characterization of sub-visual cirrus cloud properties, specif icaly total 
optical depth, altitude, vertical structure, and persistence. The scattering 
of thermal emissions from the Earth and low-lying warm clouds by non-spherical 
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hexagonal ice crystals that are non-randomly oriented is suggested as a 
possible explanation for the elevated window measurements (emission from the 
cloud itself is considered.) Calculation of phase functions to specif icaly 
address these conditions requires information on particle size distribution 
and orientation, as well as shape. 

Further efforts underway include work at Wright-Patterson Air Force Base 
using the 100-inch collimator as the receiver for a powerful lidar system, the 
"MEGALIDAR." The MEGALIDAR facility will ultimately provide profiles of atmo- 
spheric density and temperature up to 100 km. Other experiments planned 
rely on coordination of lidar techniques with sky background observations. 

Under a project sponsored by the USAF Summer Research Program, we plan to correlate 
simultaneous visible and infrared (8-12 micron) spectral sky measurements with 
lidar observations of altitude, vertical structure, total optical thickness and 
persistence of sub-visual cirrus at the MEGALIDAR site. This information, 
along with satellite and rawindsonde support data, should provide a useful 
"snapshot” of the subvisual cirrus and allow proper analysis of the effects 
of sub-visual cirrus. 

Information on the spatial extent and characteristics of sub-visual and 
high altitude cirrus clouds will not be available from the planned program; 
however, it is hoped that useful information might be gathered from the FIRE 
data and included in our analysis. 
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CLOUD ATLAS 


for the 

FIRE Cirrus Intensive Field Observation 

October 5 - November 10, 1986 


An Intensive Field Observation (IFO) of cirrus clouds was conducted 
over the mid-western U.S. during the period October 13 - November 2, 
1986. This activity, part of the First ISCCP Regional Experiment (FIRE), 
included measurements made from specially deployed instruments on the 
ground, balloons, and aircraft as well as observations from existing 
operational and experimental satellites. The satellite observations were 
collected for the purposes of the IFO beginning 1 week prior to and ending 
1 week after the IFO period. In addition, there were satellite observations 
collected on the 5th to the 10th and 20th to the 25th of each calendar 
month as part of the FIRE Extended Time Observations, which cover a 
region that encompasses the Cirrus IFO area. As a result, the collected 
satellite data include daily coverage over a 37-day period from October 5 
to November 10, 1986. 

One of the sets of satellite observations was the radiance 
measurements made with the 5-channel AVHRR radiometer on the NOAA 9 
polar orbiting meteorological satellite. These data were collected from 
NOAA ground stations at Wallops Island, Virginia, and Redwood City, 
California, during satellite overpasses. The ground resolution of the 
measurements at nadir is approximately 1 km. It is these measurements, 
made once each day at approximately 2:30 p.m. local time, that were used 
in determining the present cloud atlas. The area covered by the atlas is 
slightly larger than the area specified for the IFO, in order to be in 
alignment with the grid that will be used in a forthcoming atla for the 
larger, ETO region. The present atlas covers the area from 37.5 - 47.5 N 
and 80 - 105 W, which includes 8 x 15 analysis boxes out of the 16 x 48 
boxes that constitute the ETO region. Each analysis box covers 1.25° 
latitude by 1 2/3° longitude, which is an area approximately 140 km 
square. There are from 5,000 to 22,000 pixels within each box (except 
where there is missing data), the amount depending on the position of the 
box with respect to the satellite track. 



The retrieved parameters for each pixel include: 

f fraction of pixel covorod by cloud 
r cloud optical thickness 
T c cloudtop temperature 
M cloud microphysical model 

The three parameters are retrieved from the visible [Ch. 1] and thermal 
infrared [Ch. 4] channels using the maximal clustering method, described 
in Arking and Childs (1985), with some refinements that will be described 
in a forthcoming publication. A fourth parameter, the microphysical 
model (MPM) index m, represents information concerning the particle size 
and phase of the cloud particle, which is assumed to be spherical with a 
size distribution given by 

a r 6 exp [-6 r/r ] 
dr o 

where N(r) is the number of particles per unit volume with radii smaller 
than r, and r 0 is the mode radius. For this distribution the mean radius is 

7/6 r 0 , and the effective radius is 3/2 r 0 . 

The MPM index is retrieved as a single parameter for the analysis 
box as a whole, representing the best fit for all points to the observed 3.7 
urn [Ch. 3] radiance measurements, as described in Arking and Childs 
(1985). There are five possible values of m, representing the following 
combinations of particle size (mode radius r 0 ) and phase (water/ice): 

W. MPM 

1 4 fim water 

2 4 urn ice 

3 8 fim water 

4 8 jim ice 

16 urn water 

5 32 fj.m ice 

The atlas contains four pages of information for each satellite pass. 
The satellite pass is identified at the top of each page by date, time (GMT) 
at which the satellite crosses 40° N latitude, satellite (NOAA 9 in each 
case), and orbit number. The 1st page of each group si dws the 
distribution of measured radiances in channel 1 (normalize to the 
incoming solar flux multiplied by the cosine of the solar zenith e gle) and 
in channel 4 (expressed as a brightness temperature in degrees ) for the 
area as a whole and for each analysis box. The 2nd page shows t images 
in: channels 1 and 2, combined to form a color image as described in 

Arking, Childs, and Merritt (1987); channel 3R, which represents channel 3 
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after subtracting out the emitted radiance based upon the channel 4 
brightness temperature and normalizing to the incoming solar flux 
multiplied by the cosine of the solar zenith angle; and channel 4, the 11 
p m brightness temperature. The 3rd page shows the retrieved 
parameters in graphical form for the region as a whole and for each 
analysis box, where cloud fraction appears as a contour plot with respect 
to optical thickness and cloudtop temperature. The 4th page provides a 
statistical nummary of the retrieved parameters in numerical form for 
each analysis box. 

The entries are as follows: 

Cloud Amount 

Total cloud amount is shown for all values of f and for f restricted 
to the range 0.9 <. f <. 1. A large difference between the two values 
indicates that most of the cloud cover is associated with sub-pixel 
resolution clouds, thus suggesting greater uncertainty in the results. 

Optical Thickness 

The optical thickness, in the visible channel (0.63 pm), mean and standard 
deviation, based upon plane parallel radiative transfer theory. (For any 
pixel, it is inversely related to cloud amount.) 

£lfijjdlpp,, Temperature 

Cloudtop temperature, mean and standard deviation, based upon a 
cloud infrared emissivity derived from the visible channel optical 
thickness using Mie theory. 

Surface Parameters 

The mean visible channel reflectance and infrared channel equivalent 
blackbody temperature associated with clear-sky conditions. An asterisk 
indicates that the algorithm failed to identify clear-sky conditions and 
used default values. 

Number of Pixels 

The number of pixels in the analysis, which is affected by viewing 
geometry. 
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Number o f Clus te r s 

The number of clusters that were found by the cluster detection 
algorithm and used in the analysis. An asterisk indicates failure to detect 
any clusters (other than the surface cluster) and consequent use as 
default the clusters derived from analyzing the entire region as one box. 

Cosin e o f-SataUite-Zanith Angle (u) 

Mean value of the cosine of the satellite zenith angle measured from 
the target point. Values less than 0.5 or 0.6 indicate poor viewing 
geometry. 

Model Index 

The mode value of the MPM distribution. Note that all pixels 
associated with a single cluster are assigned the same MPM. 

Prepared: July 8, 1988 

Albert Arking 
Jeffrey D. Childs 1 
John H. Merritt 2 
Sharen L. Williams 2 

Climate and Radiation Branch 
Laboratory for Atmospheres 
NASA/Goddard Space Flight Center 
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EXTENDED TIME OBSERVATIONS OF CALIFORNIA MARINE STRATOCOMUIUS CLOUDS 

FROM GOES FOR JULY 1983-1987 

Patrick Minnis and Edwin F. Harrison 
Atmospheric Sciences Division, NASA Langley Research Center 
Hampton, Virginia 23665-5225 
and 

David F. Young 

Aerospace Technologies Division, Planning Research Corporation 

Hampton, Virginia 23666 

1 . Introduction 

One of the goals of the First ISCCP Regional Experiment (FIRE) is to 
relate the relatively small scale (spatial and temporal) Intensive Field 
Observations (IFO) to larger time and space domains embodied in the Extended 
Time Observations (ETO) phase of the experiment. The data analyzed here as 
part of the ETO are to be used to determine some climatological features of 
the limited area which encompasses the Marine Stratocumulus IFO which took 
place between 29 June and 19 July 1987 off the coast of southern California 
(Kloessel et al., 1988). 

2. Data and methodology 

The primary data for this study are 3 -.hourly, 8-km visible (0.65 pm) and 
infrared (10.5 pm) radiances taken by the series of Geostationary 
Operational Environmental Satellites (GOES) which operated at various 
longitudinal positions between 1983 and 1987. Analysis of the data was 
confined to the month of July during each year. Table I lists the 
satellite, subsatellite longitude, dates of analysis, and satellite viewing 
zenith angle, VZ, relative to the center of the stratocumulus limited area. 
The latter is defined by 140°W and 115°W longitudes and 40°N and 25°N 
latitudes. These bounds were selected to ensure that IFO flight tracks 
would fall in the domain and that areas with stratocumulus presumably free 
from continental Influences would be included. 

The data were analyzed on a 2.5° grid with the hybrid bispectral 
threshold method described by Minnis et al. (1987). Resulting parameters 
include cloud amount, cloud- top temperature, cloud albedo, and clear- sky 
temperature and albedo for each region. All of the cloud parameters were 
derived for total, low (< 2 km), middle (2-6 km), and high (> 6 km) clouds. 
Because of the extremely high values (up to 79 ) of VZ, the 1987 cloud 
amounts were adjusted to the viewing angles found for the 1985 data using 
the technique outlined by Minnis (1988). This correction lowered the cloud 
amounts by 2-4% absolute cloud amount. 

Albedo here refers to the mean top -of- the -atmosphere broadband shortwave 
(0.2 - 5.0 pm) albedo over clear or cloudy areas. The narrowband visible 
radiances are converted to broadband radiances using the same conversion 
formula and coefficients as Minnis et al. (1987) for 1983, 1985, and 1986. 
That calibration produced good estimates of clear- sky reflectance and 
consistent mean cloud albedos for all 3 years. The offset voltage remained 
the same throughout the period. 

A different approach was applied for the 1987 GOES -East data since its 
instruments were different from the previous years (see Table I) and the 
offset voltage was much lower. The clear-sky visible count (proportional to 
the square root of radiance) was estimated using the ocean bidirectional 
model of Minnis and Harrison (1984) calibrated with the same formula used 
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for the previous years. Clear-sky counts over the limited area were also 
derived from the 1987 GOES-East data. These data were plotted against the 
calibrated model results and used to fit the GOES-East radiances by forcing 
the line through the pair of known offset counts . This "calibration” is 
very uncertain for high radiances but it provides a reasonable estimate of 
clear-sky reflectance essential for derivation of the cloud parameters. The 
approach to the calibrations taken here is necessitated by the lack of a 
consistent calibration source at the present time. 

3. Results 

All of the results presented here exclude the results for 1984 and 1987 
GOES -West since they were unavailable at the time of printing. Figure 1 
shows the mean total and layer cloud amounts for the entire period. Mean 
total cloudiness is less than Q 70% within 5° of the California coast with the 
minimum occurring north of ^5 N. Cloud cover increases to a maximum between 
125 W and 130 W south of 30 N before decreasing to the southwest. Most of 
the clouds are found in the lowest layer (Fig. lb) f especially in the 
southern half of the domain. Midlevel and high clouds constitute less than 
10% of the total over all marine areas except in the northwest corner (Figs. 
1c and Id). Total cloudiness over the adjacent land areas is less than 30%. 
The interannual standard deviations of the monthly mean total cloudiness for 
the period range from 3% in the southwest to nearly 12% over the areas of 
maximum cloudiness. 

The clear-sky temperatures (Fig. 2) over the ocean range from 285K in 
the north to 290K in the southeast corner of the region. The interannual 
standard deviations of these temperatures are less than IK over most of the 
ocean areas. Values greater than IK are found over some of the western 
regions of the grid. Mean equivalent blackbody cloud- top temperatures in 
Fig. 3 also show a general north-south decrease. The cloud- top isotherms, 
however, are skewed to the north ridging near the coast while the clear 
isotherms are more parallel with latitude troughing near the coast. This 
results in a IK to 2K east-west gradient in the difference between the two 
quantities. This difference is about 6K on average indicating that the 
clouds are confined to the boundary layer as expected. Interannual standard 
deviations of mean cloud- top temperature range from 0.5K to 1.5K over areas 
with less than 5% midlevel cloud cover. 

Mean clear ocean albedos (Fig. 4) range between 0.10 and 0.12 with 
standard deviations generally < 0.01. Cloud albedos (Fig. 5) over the ocean 
regions are typically around 0.35. Maximum marine cloud albedos occur near 
the coast and along a line southwestward from 35°N, 122°W. Minimum cloud 
albedo (0.32) Is found over the southeastern corner of the region. 
Interannual standard deviations of cloud albedo vary from less than 0.01 
over the northwest corner to 0.06 over the southeastern regions. 

Cloud cover over both the marine and land areas undergoes distinct 

diurnal variations. Over all of the ocean regions, cloud amount peaks 

between 0300 LST and 0900 LST with a minimum during the afternoon. Two 

special regions have been defined to determine if any significant 

differences exist between the diurnal variations of the stratocumulus clouds 
near the coast and far from the coast. The pacific (PAC) region Is a 7.5° 
box between 32.5 N and 25 N and 140 W and 132.5 W; the IFO region is 
bordered by 35°N and 30°N and 125°W Q and 120°W, with an additional 2.5° 
region to the east centered at 31.3 N and 118.8 W. Figure 6 compares the 3 - 
hourly means for the IFO and PAC, The diurnal range over the PAC Is 25% 
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greater than that near the shore. Minimum cloudiness appears to occur 
earlier over the PAC and remain longer than it does over the 1F0 region. 

4. Discussion 

Cloud amount patterns are similar to those compiled by Sadler et al. 
(1976) . The slightly higher values here may be the result of Including 
night and morning hours in the analysis. Climatological values of sea 
surface temperatures over the area (Reynolds, 1983) are between 2K and 4K 
lower than the clear-sky results shown here. The differences which increase 
from the coast toward the southwest are primarily due to water vapor 
attenuation and some cloud contamination. Atmospheric moisture variations 
are probably responsible for the difference gradient. The differences 
between clear-sky and cloud- top temperatures may be related to the strength 
of the inversion over the marine boundary layer. Except for the area of 
maximum albedo extending from the coast, cloud albedos are within*! - 2% of 
those found in previous studies (e.g. , Minnis et al. , 1987) over areas of 
stratocumulus over the open ocean. The cloud albedo maximum could result 
from an infusion of continental aerosols near the coast. Diurnal variations 
of cloudiness are also similar to those found over other parts of the 
Pacific (e.g., Minnis et al. , 1987). Coastal-open ocean differences in the 
diurnal range may be tied to variations in the strength of the inversion and 
liquid water content . 

5. Concluding remarks 

The preliminary results described in this paper provide a long-term 
perspective of the large-scale cloudiness over the stratocumulus IFO region. 
Inclusion of data from GOES-West taken during 1984 and 1987 will complete 
this 5 -year climatology of July marine stratocumulus over the IFO limited 
area. Measurements taken during the IFO will improve our understanding of 
the behavior of the various parameters observed in this study and over 
larger time and space scales. This analysis and similar ETO results will 
provide the link between the IFO and stratocumulus over the rest of the 
globe and other seasons. 
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uermjoi latitude 


Satellite 

Longitude 
(deg W) 

Oates 

VZ (deg) 

00E5-6 

135.0 

July 17-31. 1083 

39 

00ES-6 

135.0 

July 1-31.1984 

39 

90ES-6 

100.7 

July 1-31. 1955 

45 

ooes-6 

105.7 

July 1-31.1955 

46 

QOES-7 

75.0 

July 2-31. 1957 

67 

OOES— 6 

135.0 

July 1-31. 1957 

39 


Table 1. Satellite data characteristics. (Note that GOES— 6 and GOES— 7 
are also referred to as GOES-West and GOES-East) 

(a) Total (b) Low 




Figure 1. Mean cloud amounts for July (1983 - 1987). 
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Figure 2. Mean c Sear-sky t em p e ra tures for 

July (1983 - 1987). 
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Figure 3. Mean cloud-top temperatures for 
July (1983 - 1987). 
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Figure 4. Mean clear-sky albedos for July 
(1983 - 1987). 
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Figure 5. Mean cloud albedos for July (1983 
- 1987). 
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Figure 6. Diurnal variation of cloud cover for 

July (1983 - 1987). 
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THE RELATIONSHIP OF MARINE STRATUS TO SYNOPTIC CONDITIONS 

Donald Wylie, Barry Hinton, Peter Grimm 
University of Wisconsin-Madison 

Kevin Kloesel 

The Pennsylvania State University 


1. Introduction 


The marine stratus which persistently covered most of the eastern Pacific Ocean, Had large 
clear areas during the FIRE Intensive Field Operations (IFO) in 1987. Clear zones formed inside 
the large oceanic cloud mass on almost every day during the IFO (Figure 1). The location and size 
of the clear zones varied from day to day implying that they were related to dynamic weather 
conditions and not to oceanic conditions. Forecasting of cloud cover for aircraft operations during 
the IFO was directed towards predicting when and where the clear and broken zones would form 
inside the large marine stratus cloud mass. 

The clear zones often formed to the northwest of the operations area and moved towards it. 
However, on some days the clear zones appeared to form during the day in the operations area as 
part of the diurnal cloud bum off. The movement of the clear zones from day to day were hard to 
follow because of the large diurnal changes in cloud cover. Clear and broken cloud zones formed 
during the day only to distort in shape and fill during the following night. 

The field forecasters exhibited some skill in predicting when the clear and broken cloud 
patterns would form in the operations area. They based their predictions on the analysis and 
simulations of the models run by NOAA’s Numeric Meteorological Center. In this paper, we will 
discuss how the atmospheric conditions analyzed by one NOAA/NMC model related to the cloud 
cover. 

2.Background 

The forecasters knew before the IFO that the positions of the subtropical high at the surface 
and the upper air troughs could be used for predicting breaks and clear zones in the marine stratus. 
Clear and broken zones were observed prior to the IFO as upper air troughs reached the California 
coast. Clearing occurred when the trough axis crossed the coast moving east. At the surface, the 
subtropical high formed a nose that protruded into northern California (see Figure 2). Clear and 
broken zones often formed to the west of San Diego. When the subtropical high was farther 
offshore west of North America, the marine stratus cloud cover had fewer and smaller clear and 
broken areas. 

After the FIRE IFO, we decided to quantify the relationship between the cloud cover and 
synoptic weather patterns. Before the IFO, we knew that the best meteorological information over 
the ocean was the analyses made for the model initializations by NOAA NMC. The surface 
analysis made by NOAA National Weather Service only pertained to continental conditions since 
few marine observations were available. The pressure patterns poorly depicted the subtropical 
high or the wind conditions observed offshore. Because of this problem, the forecasters 
exclusively used the NOAA/NMC model analyses for predicting wind directions and cloud cover 
changes. 
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3. Statistical Analysis of Model Fields 

A statistical test was made to see if the model fields were related to marine stratus cloud 
cover. For this test, we extracted some standard dynamic and thermodynamic parameters from the 
model fields during the IFO. They were the 1000 mb wind components (Uioqo and Viooo), 
temperature (T), dew point (T<j), dew point depression (T-Td), 1000 mb height (Ziooo). 50 mb 
height (Z500), 500 mb wind components (U500 and V500), 1000 mb temperature advection (V» 
VT), and dew point advection (V»YT,j). Time series of these parameters were formed from the 
initial model fields at 00 and 12Z. The two values each day were averaged together to form a time 
series that could be correlated with one cloud cover analysis per day. 

Seven locations in the eastern Pacific were chosen for this correlation test. They are shown 
in Figure 3. Each location was a grid point of the Global Circulation Model of NOAA/ NMC. At 
each location, cloud cover was defined as the fraction of a 100 line by 100 element box with 
brightness above two threshold levels on the GOES-West visible image at 20:00 Z (local noon). 
The two thresholds used were 15 counts (0-63 scale) for defining general cloud fraction and 30 
counts for defining bright cloud fraction. These thresholds were arbitrarily chosen from a visual 
inspection of the images. An obvious brightness difference between cloud and clear could be seen 
on the images. We choose only images at local noon over a restricted part of the season to avoid 
the affects of changing illumination of the area. Cirrus and other cloud forms were absent during 
this 21-day period, so all satellite derived cloud cover fractions are indicative of marine stratus 
cloud cover. 

These brightness levels tracked the changes in cloud cover for each box. The FIRE IFO 
aircraft flew in the general area of box 1. This area had nearly 100% cloud cover, except for three 
major clearing events. The cloud fraction in the box decreased after the first day. The lowest 
cloud fraction was reached on 4 July. Cloud cover rebuilt and a second major clearing event 
happened on 8 July. A decrease in bright cloud fraction occurred on 11 July with little change in 
the general cloud cover (lower brightness threshold). Nearly solid cloud cover followed until 18 
July when a third major clearing event started and continued to the end of the IFO. 

The difference between the cloud cover fraction at high and low brightness levels indicates 
the ranges in the pattern of the clouds on the satellite images. Cells or broken cloud patterns were 
present when the low brightness cloud fraction fell below 90%. This was indicative of cellular 
type clouds with nearly black areas in between. We assume the black areas were clear, However, 
higher resolution imagery form other satellites indicated that some small clouds were possibly 
present in these areas. 

Cellular structure also was commonly observed when totally overcast conditions were 
present. These cells were bright spots inside solid cloud fields. The low brightness threshold 
cloud fraction was usually near 100% while the high brightness cloud fraction was lower. We 
generally interpret the low brightness cloud fraction as indicative of the general cloud cover while 
the high brightness cloud fraction followed the changes in bright cells. The bright cells being an 
indication of the more intense convection in the marine stratus. 

A summary of our correlation between model fields and cloud fraction is given in Table 1 . 
We had 21 days in our time series. A correlation of 0.36 was found to have a 90% confidence that 
a real correlation (non-zero) existed. These correlations are designated by the bold type in Table 1. 
We will note where correlations of this level or higher were found as being indicative of 
relationships. 

Ujooo and V»VTd correlated with cloud fraction in five out of seven boxes. Ziooo and Tj 
also had strong correlations in some boxes. 
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The relationships between V*VT<j and cloud fraction also had one unusual factor. A 
negative correlation was found in five out of seven boxes. This indicated that cloud fraction 
increased with negative dew point advection (-V«Vtd), which would be expected. Negative dew 
point advection implies that advection is moistening the boundary layer. However, along the 
California coast in boxes 1 and 3 the opposite relationship was found, a positive correlation 
coefficient. This implied that cloud fraction decreased with (-V*VT c f) negative dew point advection. 
Boxes 1 and 3 appear to have other factors controlling marine stratus cloud formation. The dew 
points themselves (Td) had very small correlations with cloud cover where as in the western boxes 
(5 and 7) the dew points had high correlations. Temperature advection (V*VT) correlations also 
followed the same signs as the dew point advection correlations in all boxes. This indicates the the 
cloud cover increased when advection attempted to lower the temperature and dew point along the 
northern California coast while to the west, the cloud cover decreased when advection acted to 
lower both T and Tj. The cloud cover obviously was controlled by different factors along the 
California coast than farther out in the open ocean. This difference is also evident by the high 
brightness cloud fraction. Boxes 1 and 3 had lower high brightness clouds fractions during most 
of the 21 -day period than the other boxes. There was a general absence of bright cells in the 
marine stratus cloud fields. Boxes 1 and 3 are closer to the origin of the wind fetch acrossed the 
ocean. The marine stratus cloud fields had smaller and possibly thinner clouds while to the west in 
boxes 5 and 6. the cellular structure was better developed. Cloud top temperatures were also 
colder indicating a growth in cloud top heights. This is the area where marine stratus cloud fields 
began to transform into cumulus convective groups more closely related to trade wind cumulus. In 
the beginning of the wind fetch (boxes 1 and 3), the clouds may be related to mixing processes 
with the cold underlying ocean, a stable boundary layer situation. As the air moves southwest over 
warmer ocean temperatures, the boundary layer became less stable and more convection develops 
in the marine clouds. 

4. Conclusion 

Marine status cloud cover is predictable using NOAA NMC Global Circulation Model 
analyses. The forecasters observed patterns in the 1000 mb and 500 mb height fields that related to 
cloud cover changes. At the same time we have been able to statistically correlate atmospheric 
parameters analyzed by the model with observed cloud cover changes. This indicates that there is 
information in the model that can be used for parameterizing marine stratus clouds. The effects of 
these clouds on radiative heating and cooling can thus be developed. 


Table 1 : Correlation of the cloud cover defined by the low brightness threshold (15 counts on a 0- 
63 scale) with variables from NOAA/NMC's Global Model 

BOX NUMBER 


VARIABLE 

1 

2 

3 

4 _ 

..... 5 

6 

7 

Low vs High 
Brightness 

0.8 

0.6 

0.8 

0.7 

0.7 

0.6 

0.7 

V*VT 

0.2 

-0.3 

0.3 

-0.3 

-0.5 

-0.1 

-0.5 

V*VT d 

0.5 

-0.4 

0.5 

-0.3 

-0.4 

-0.3 

-0.7 

Ziooo 

-0.4 

-0.2 

0.0 

0.3 

-0.3 

0.3 

-0.2 

Z 500 

0.2 

0.2 

0.2 

0.2 

0.4 

0.3 

0.6 
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BOX NUMBER 

VARIABLE _3 2 3 4 s fi 7 


T 

- 0.1 

- 0.3 

0.1 

0.0 

0.3 

0.4 

0.6 

T d 

- 0.0 

- 0.0 

0.2 

0.1 

0.8 

- 0.0 

0.7 

( T - T d ) 

- 0.1 

- 0.1 

- 0.3 

- 0.1 

0.8 

0.3 

- 0.5 

UlOOO 

0.3 

0.2 

- 0.4 

- 0.4 

- 0.5 

- 0.5 

- 0.7 

Vi 000 

0.1 

- 0.3 

0.3 

- 0.3 

- 0.3 

- 0.1 

- 0.1 


A 



Figure 1 

GOES satellite Imagery for 7 July 1987. 
(A) Visible 2015Z, 



N. Latitude (deg.) 


500 mb 


surface 



Figure 2: NGM analysis of surface pressure and 500 mb heights for 12:00 GMT 7 July 1987 




E. Longitude (deg.) 

Figure 3: The locations of the boxes used in correlating cloud cover with atmospheric parameters 
shown in Table 1. 
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Analysis of diurnal variation of SCu layer using 2 days of CLASS 
soundings on San Nicolas Island 
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(802) 545-2492 


Sixty-nine soundings were taken at San Nicolas Island during the 
FIRE marine stratocumulus experiment (Schubert et al, 1987a). 
The archived thermodynamic data at 5mb vertical resolution were 
reduced to 25rab vertical resolution by averaging, Ceilometer data 
showed the time variation of cloud- base. (Schubert et al, 1987b) 

A subset of 20 soundings taken during a 2 day period of light 
winds (04L on July 10 to 07L on July 12) were analysed. The 
soundings are grouped into 6 hr. averages (with 5 soundings in 
each category) to examine the diurnal variation of the 
thermodynamic structure. Consistent with the solar heating 
during the daytime, cloud-base rises during the daytime hours and 
the cloud layer thins, The subcloud layer also becomes more 
stable, suggesting some uncoupling of the cloud layer from the 
surface. 
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References : Schubert, W. H. , P. E. Ciesielski, T.B. McKee, 

J. D. Kleist, S.K. Cox, C, M. Johnson-Pasqua, and 
W. L. Smith 1987a; An analysis of boundary layer 
sounding data from the FIRE marine stratocumulus 
experiment. Atmos. Sci. Paper No 419, Dept, of 
Atmos, Sci, , CSU, Ft. Collins, CO 80523, 101pp. 

Schubert, W. H. , S. K. Cox, P. E. Ciesielski and 
C. M. Johnson-Pasqua, 1987b: Operation of a 

ceilometer during the FIRE marine stratocumulus 
experiment. Atmos. Sci. Paper No 420, Dept, of 
Atmos. Sci., CSU, Ft, Collins, CO 80523, 34pp. 


PRECEDING 


ey« KOI FILMED 



213 




N91-10491 


Diurnal Variation of Marine Stratocumuius over San Nicolas island 
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1. Introduction 

Preliminary analysis has been made of data collected at San Nicolas Island during the Inten- 
sive Field Observation (IFO) phase of the First International Satellite Cloud Climatology Program's 
Regional Experiment (FIRE). Of particular interest has been an examination of a distinct diurnal 
variation in the cloud properties, despite an apparent absence of diurnal forcing from the surface. 
Direct or indirect radiative modulation of such clouds, as proposed by Fravalo et al. (1981) and 
Turton and Nicholls (1987) indeed seems likely. 

In this paper, preliminary observational evidence for diurnal change in the marine strato- 
cumuius adjacent to San Nicolas Island is presented. A comparison is then made between the 
observed behavior and predictions from theoretical models of the interactive effect of radiation on 
boundary layer clouds. 

2. Data Analysis 

Preliminary analysis of the data collected by the San Nicolas Island participants 1 during the 
IFO period of July 1-19, 1988 indicates the presence of a relatively persistent stratocumuius 
cloud deck, modified by mild synoptic-scale variations. The first order effect of these variations on 
the values presented below has been removed by considering the local time departures from 24- 
hr running means. Error bars indicate the expected error in ’he mean local time departure at the 
1 o level, based on the observed natural variability during the data collection period. 

Column liquid water, determined from the NOAA/WPL radiometer (Hogg et al., 1983), is 
shown as a function of local time in Fig. 1 . A diurnal signature is clearly discernible, with a maximum 
value of 0.13 mm in early morning falling steadily to a minimum of 0.02 mm in late afternoon before 
rising again to its early morning maximum. 

Equally evident is the systematic diurnal variation in the cloud base height, obtained from the 
CSU ceilometer (Schubert et al., 1987), shown in Fig. 2. Coincidental with maximum column liquid 
water, the cloud base drops to a minimum height of about 450 m above sea level in early morning 
and rises to a maximum of about 630 m by late afternoon. 

Continuous time series of cloud top height had not been released at the time of this writing, 
so that cloud top height had to be determined from the much sparser CLASS radiosonde data. 
These are shown similarly in Fig. 3, and give the appearance of a consistent diurnal variation, with 
cloud top reaching a maximum height of about 820 m in early morning and a minimum of about 
660 m in late afternoon. 

Despite the noise present in the derived values of cloud thickness, presented in Fig. 4, the 
data are consistent with the presence of a diurnal trend in cloud thickness. Consistent with Fig. 1 , 
maximum cloud thickness of about 400 m occurs in early morning and reduces to a minimum of 
about 150 m by late afternoon. 


^ee acknowledgments for a list of data sources. 


aliMCI 


Q 






FILMED 


215 



Similarly, the average liquid- water density within the cloud, obtained by dividing the column 
amount by the cloud thickness, as shown in Fig. 5, is too noisy to unequivocally confirm a diurnal 
variation. However Fig. 5 is consistent with an average liquid water density ranging from 0.5 g nr 3 
in early morning to 0.2 g m' 3 in late afternoon. 

The relationship between average liquid water density and cloud thickness may be clearer in 
Fig. 6, which shows strong positive correlation between these variables. 


3. Discussion 

The clear diurnal signature in column liquid water content of the marine stratocumulus adja- 
cent to San Nicolas Island during the FIRE IFO indicates some degree of radiative modulation of 
the cloud. Despite noisy values of cloud top height that will be improved once more data is re- 
leased to the FIRE science team, estimates of the diurnal variation of cloud thickness can be 
made. The initial analysis reveals a systematic lowering of cloud top and raising of cloud base from 
around sunrise to around sunset, with the reverse during nighttime. As the cloud thickness de- 
creases during the day, so too does the mean liquid water density in the cloud, and together 
these effects combine to produce the observed signature in column liquid water. 

We are presently examining explanations for this behavior, in conjunction with theoretical 
models of cloud-radiative interaction, and will relate the model predictions to measurements of 
drop size distributions within the cloud once these also are made available. 

Acknowledgments. We are pleased to acknowledge the following data sources: Dr. Jack 
Snider, NOAA/WPL for the radiometer determinations of integrated liquid water; Dr. Wayne 
Schubert, Colorado State University for ceilometer measurements of cloud base; Mr. B. Syrett, 
The Pennsylvania State University, for the radiosonde data. Funding for this research is provided 
in part by NASA grant NAG 1-552, NSERC, and AES. 
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Fig. 1 . Column liquid water versus local time, determined from the NOAA/WPL radiometer on San Nicolas Island. 
Circles - averages over the observing period. Crosses - averages after removing synoptic trends. Error 
bars indicate uncertainty in individual mean values based on natural variability. 



Fig. 2. Cloud base height versus local time. Symbols as in Fig. 1 . 
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Fig. 3. Cloud top height from radiosonde data, after removal of synoptic trends. Open circles- individual data 
points. Crosses- mean values. Error bars indicate uncertainty in mean values based on variance of data 
at 0500 PDT. 
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Fig. 4. Cloud thickness versus local time, obtained by differencing Fig. 3 and Fig. 2. 
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Fig. 6. Scatter diagram of average cloud liquid water density versus cloud thickness, using data coincident with 
radiosonde determination of cloud top height. 
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During the FIRE Marine Stratocumulus Program on San Nicolas Island, Colorado State University 
(CSU) and the British Meteorological Office (BMO) operated separate instrument packages on the NASA 
tethered balloon. The CSU package contained instrumentation for the measurement of temperature, pres- 
sure, humidity, cloud droplet concentration, and long and short wave radiation. Eight research flights, 
performed between July 7 and July 14, are summarized in the attached table. We have assigned an analy- 
sis priority to the July 7, 8, and 11 flights for the purposes of comparing the CSU and BMO data. Results 
will be presented at the conference. 

In addition, CSU operated a laser ceilometer for the determination of cloud base, and a CLASS ra- 
diosonde site which launched 69 sondes. We are in the process of analyzing data from all of the above 
systems. Reports have so far been prepared on the ceilometer and on the CLASS sounding data (see at- 
tached references). According to the ceilometer record, 55 of the 69 CLASS soundings were released with 
stratocumulus overhead. For each of these 55 soundings we have determined the cloud top total water 
jump Ar as follows. We first compute the vertically averaged water vapor mixing ratio in the layer which 
extends from 60 m to 240 m above cloud top. We then subtract from this the average water vapor mixing 
ratio in the layer which extends from 65 m to 165 m above sea level (the island sounding site being 38 m 
above sea level). This water vapor mixing ratio difference should be equivalent to the cloud top jump in 
total water if the boundary layer is well-mixed. The procedure for determining A 0 e is identical. In this 
way each of the fifty-five soundings was characterized by a point in the (Ar, A0 e ) plane as shown in Fig. 
1. As can be seen, 40 of the 55 points lie on the stable side of the Randall (1980) stability line (the line 
labeled A0 e = ArLAr/cp), and 15 lie on the unstable side. According to the ceilometer record, 7 of the 
unstable cases show cloud break-up within 12 hours while 4 of the stable cases show break-up within 12 
hours. The cases exhibiting break-up are indicated in Fig. 1 by the partially blackened symbols, with the 
fraction of blackening indicating the fraction of 12 hours before cloud disappearance. The occurrence of 
partially blackened symbols on the stable side of the critical stability line indicates that cloud top evap- 
orative instability is not the only mechanism for break-up. For further discussion the reader is referred 
to Kuo and Schubert (1988), who report on model experiments designed to understand the existence of 
persistent cloud decks with soundings which are unstable according to theory. 
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CSU - TETHERED BALLOON RESEARCH SUMMARY 


DATE: 

July 7 1987 


July 8 1987 


July 9 1987 


July 10 1987 


July 11 1987 


July 12 1987 


July 13 1987 


July 13-14 1987 


REMARKS: 

9.8 hours - daytime; launch at 07:45 PDT. BMO attach 6 
packages as balloon is taken to about 2400 ft. BMO does 
four 68 minute runs while CSU package is above cloud. At 
13:25 PDT CSU begins two soundings with 5 minute legs at 
each 300 ft level. 

6.5 hours - daytime; launch at 07:30 PDT. Four BMO pack- 
ages deployed at 100 ft intervals just below CSU package. 
Four 20 minute constant level runs with packages near cloud 
top (which was about 935 mb) . Balloon brought down in 200 
ft steps with 20 minutes at each level. 

4.0 hours - daytime; launch at 08:31 PDT. Very deep cloud 
with top near 950 meters. Some drizzle. Flight shortened 
because BMO could not get highest package above cloud top. 
No turbulence data but good sounding data. 

10.0 hours - daytime; launch at 08:34 PDT. Very deep bound- 
ary layer (1000 meters) so BMO stands down in light of pre- 
vious day. CSU package steps upward in 300 ft intervals with 
20 minutes at each level. Many 15 minute legs at 50 ft inter- 
vals near cloud top on descent. 


9.5 hours - evening; launch at 13:35 PDT. Some difficulty in 
getting the balloon above cloud top. BMO deploys 6 packages 
but takes the lowest one off. BMO does two 64 minute runs. 
CSU then steps down with eleven 20 minute legs. 

1 hour - night time; launch at 03:40 PDT. BMO put on four 
packages. At about 930 mb slack suddenly developed in the 
cable and everything was brought down in a hurry. 

11.5 hours - daytime; launch at 09:20 PDT. Only CSU is 
operating today. Cloud top near 960 mb. Ran about 16 
twenty minute legs in the cloud layer and 9 in the subcloud 
layer. 

6.5 hours - night time; launch at 21:45 PDT without BMO. 
Low cloud top still. Performed 20 constant level legs in the 
boundary layer. 
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FIRE Abstract : July 11-15 , 1988 

Radiative control on tropical convective boundary layer 
equilibrium. 


A. K. Betts 
RD2 Box 3300 
Middle bury , VT 05753 
(802) 545-2492 

and W. Ridgway 

Applied Research Corp. 
Landover , MD 


This paper, an extension of Betts and Ridgway ( 1988 ) , discusses 
how the near-balance between the radiative cooling and the 
surface fluxes in the tropics controls boundary layer 9 e , the 
height of cloud-base and the top of the convective boundary layer 
over the tropical oceans. The impact of boundary layer 
cloudiness and upper level moisture on the equilibrium solutions 
is explored. 

Acknowledgements : This work was supported by NSF under Grant 

ATM87-054Q3 and NASA-GSFC under contract 
NAS5-2880Q . 

Reference : Betts, A. K. and W. Ridgway, 1988: Coupling 

of the radiative convective and surface fluxes 
over the equatorial Pacific. J. Atmos. Sci. 
45., 522-536. 
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A GCM Paranieterisation for the Shortwave 
Radiative Properties of Water Clouds 


A. Slingo 

National Center for Atmospheric Research 1 
Boulder, Colorado 80307 


A new paranieterisation has been developed for predicting the shortwave radiative 
properties of water clouds, suitable for inclusion in general circulation models (GCMs). 
The parameterisation makes use of the simple relationships found by Slingo and Schrecker 
(Quarterly Journal of the Royal Meteorological Society, 108, 407-426, 1982), giving the 
three input parameters required to calculate the cloud radiative properties (the optical 
depth, single scatter albedo and asymmetry parameter) in terms of the liquid water path 
and equivalent radius of the drop size distribution. The input parameters are then used to 
derive the cloud radiative properties, using standard two-stream equations for a single layer. 
The relationships were originally derived for fairly narrow spectral hands (for example 
Slingo and Schrecker used 24 bands across the solar spectrum) but it has been found that 
it is possible to average the coefficients so as to use a much smaller number of bands, 
without sacrificing accuracy in calculating the cloud radiative properties. This makes the 
parameterisation fast enough to be included in GCMs. 

The parameterisation has been programmed into the radiation scheme used in the 
U.K. Meteorological Office GCM. This scheme and the 24 band Slingo/Schrecker scheme 
have been compared with each other and with observations, using a variety of published 
datasets. There is good agreement between the two schemes for both cloud albedo and 
absorption, even when only four spectral bands are employed in the GCM. 

The explicit separation of the dependence of the predicted cloud radiative properties 
on the liquid water path and equivalent radius is new. Previous attempts to generate 
parameterisations for large-scale models have not included such a separation, which limits 
their usefulness in climate change experiments. 

FIRE data, particularly those from the stratocumulus field phase, should prove to 
be extremely useful in further testing of this parameterisation. This should establish a 
valuable link with the GCM community in this important area of climate research. 


l The National Center for Atmospheric Research is sponsored by the National Science 
Foundation. 
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Preliminary Mixed-Layer Model Results for FIRE Marine Stratocumulus 

IFO Conditions 

R Barlow and S Nic holla 

Cloud Physics Branch 

Meteorological Office, London Road, Bracknell, Berks RG12 2SZ, UK 


Some preliminary results from the Turton & Nicholls (1987) mixed layer 
model using typical FIRE boundary conditions will be presented. The 
model includes entrainment and drizzle parametrizations as well as 
interactive long and shortwave radiation schemes. A constraint on the 
integrated turbulent kinetic energy balance ensures that the model 
remains energetically consistent at all times. 

The preliminary runs have been used to identify the potentially 
important terms in the heat and moisture budgets of the cloud layer, 
and to assess the anticipated diurnal variability. These will be 
compared with typical observations from the Cl 3.0. 

Sensitivity studies have also revealed the remarkable stability of 
these cloud sheets: a number of negative feedback mechanisms appear to 
operate to maintain the cloud over an extended time period. These will 
also be discussed. 

The degree to which such a modelling approach can be used to explain 
observed features, the specification of boundary conditions and 
problems of interpretation in non-horizontally uniform conditions will 
also be raised. 




Simulations and Observations of Cloudtop Processes 
S. T. Siems* . C. S. Bretherton*, and M. B. Baker** 

♦Applied Mathematics Department **Geophysics Program 
University of Washington 
Seattle WA 98195 

Turbulent entrainment at zero mean shear stratified interfaces has been studied extensively in the labora- 
tory and theoretically for the classical situation in which density is a passive tracer of the mixing and the tur- 
bulent motions producing the entrainment are directed toward the interface (see Turner, 1986, for a comprehen- 
sive review). For gases at high Reynolds number, theentrainment velocity w t at the interface separating a lower 
turbulent fluid of mean virtual potential temperature 0 V from a nonturbulent fluid of virtual potential temperature 
0 V -A0 V depends only on a Richardson’s number, which can be defined as 




gA0 v fc 

H^y 


(1-1) 


where w and h are turbulent velocity and length scales. Camithers and Hunt (1986), Linden (1973), Stull 
(1976), and others have described the entrainment mechanism at intermediate Ri in terms of eddies impinging 
on the interface and dragging down wisps of upper layer fluid. Lidar pictures (Adas et al., 1986) show evidence 
of dome-wisp like entrainment in the inversion topping the dry atmospheric boundary layer. 

In the layer cloud situation, radiative and evaporative cooling tend to drive convective motions away from 
the interface, instead of toward it as in the classical flows. Moreover, the function 0 V (F) is piecewise linear in 
the cloud case, where F is the fraction of cloudy air in a parcel formed by mixing cloud and upper air. This 
behavior introduces another parameter into the problem, which we define as D.: 


D.m 


A# 

AOyF* 


( 12 ) 


where A. m 9 y (F*) - 0 V and F* is the mixing fraction of exactly saturated air. 

The effects of these properties of the cloud-clear interface on the entrainment process are not well under- 
stood. Observations (Nicholis and Leighton, 1986; Caughey et al., 1985) in stratocumulus show that evaporative 
coolihg enhances entrainment over that expected in the dry, linearly mixing case, even if £>• > 0. On the other 
hand, observations (for example, Hanson, 1984) show that even in cases for which the "cloudtop entrainment 
instability," or CEI, criterion holds (£>* < 0.0), clouds do not necessarily thin or breakup, as had been suggested 
by Deardorff (1980), Randall (1980) and others. This suggests that kinetic energy due to evaporative cooling is 
a secondary effect in determining cloudtop motions in these cases. 

It has been suggested (Caughey et al., 1985; Nicholis and Leighton, 1986) that detachment of small, 
cooled parcels from the base of the optically active layer below cloudtop gives rise to convective circulations 
which result in turbulent motions at cloudtop and thus in turbulent entrainment. Mahrt and Paumier (1982) 
showed that, in the case of some mean shear at cloudtop, mixing of cloud and clear air was in the main confined 
to the downwind side of penetrative cloudy elements. They found significant heat fluxes carried by non-cloudy, 
yet mixed, air parcels. 

It is the purpose of our numerical simulations and data analysis to investigate these processes and, 
specifically, to focus on the following questions. 


(1) Can local cooling below cloudtop play an important role in (a) setting up convective circulations within the 

cloud, and (b) bringing about entrainment? 

(2) Can CEI alone lead to runaway entrainment under geophysically realistic conditions? 

(3) What are the important mechanisms of entrainment at cloudtop under zero or low mean shear conditions? 

II. Numerical Simulations 

We have numerically simulated the stratocumulus inversion layer by a two-dimensional fluid dynamic 
representation of a Boussinesq layer. We use the following set of governing equations: 



( 2 . 1 ) 
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C = V 2 ^ (2.2) 

ff-(r WtdijNHte) (2.3) 

b =AYi>lfe) (2.4) 

= -(£7-V)Y + vV 2 y (2.5) 


where £ is the vorticity, *P is the stream function, t? is the velocity, v is an eddy diffusivity, and b is the buoy- 
ancy, which is a linear function of the two conserved quantities Yi, Y i (the equivalent potential temperature and 
total water content or saturation point temperature and pressure (Betts, 1982; Bretherton, 1987)). These equa- 
tions are solved with a finite differencing scheme in time and space. Periodic boundary conditions are assumed 
in x and Dirichlet boundary conditions in z. The two-layer stratified fluid is initially at rest, and at t - 0 we 
apply a small perturbation in the conserved variables. This stratified flow would remain stable without the 
incorporation of additional physics to the model. We discuss here simulations in which evaporative cooling 
drives the circulations. Note that all mixing, turbulent and diffusive, is represented by the eddy diffusivity term 
vV 2 . Values used here are orders of magnitude larger than values appropriate for thermal and molecular 
diffusion. Stability considerations prevented use of lower values; thus the simulated flow is laminar rather than 
turbulent. While the upper boundary did not appear to have an important effect, the lower boundary forced an 
artificial circulation in the fluid and gave rise to spurious fluxes of the conserved quantities. 

Figure 1 displays 0 V (F) for three cases: namely, the measurements discussed below and two situations we 
have simulated. Preliminary results of our simulations are shown in Figures 2 and 3. In the right hand figure of 
each pair, we show contours of a variable which is proportional to the difference between the saturation point 
pressure (Betts, 1982) and the actual pressure; thus the zero contour indicates cloudtop and the most dense mix- 
tures of the upper and lower fluids. The area below this contour represents the cloud; small contour values 
represent mixtures which are close to saturation and, therefore, relatively dense. The left hand figure of each 
pair shows the stream function. Initially, the inversion layer is at height 1, and the fluid is at rest The simula- 
tions represent the situation at later times, when the circulations are established. 
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Figure 1. 0 V (F), where F is the fraction of cloud- 
base air in a mixture of cloudbase and upper level 
air. Solid and dashed lines: numerical simulations 
(see text); doited line: computed from 19:06 sound- 
ing, July 5, 1987. 
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Figure 2 shows a geophysically realistic case (solid curve. Figure 1; D* = -0.04.) The initial cooling at 
cioudtop has led to the formation of a steady circulation within the moist, cool cloud, indicating that evaporative 
cooling is a significant source of turbulent kinetic energy. The dry, lighter, inversion fluid is affected only by 
diffusion. The circulation produces "cool pools" of unsaturated air of approximately the same buoyancy as the 
cloud. Penetrative plumes with high evaporation rales form under these pools. A sharp interface between layers 
was maintained by the circulation, instead of the gradient layer predicted by Turner and Yang (1963). Under 
these physically reasonable initial conditions satisfying the CEI condition, no indication of runaway entrainment 
evolves. 

Figure 3 corresponds to a laboratory simulation (Shy and Breidenthal, personal communication) in which 
CEI is a greater effect (dashed curve. Figure 1; D* - -2. ). Under these extreme conditions runaway entrain- 
ment occurs. The contamination of the lower fluid with the newly created mixed fluid becomes important before 
a semi-steady circulation is established. 



3« 


3b 



Figure 2. Vertical cross section of simulated strato- 
cumulus deck D* = -.04, at a time when steady cir- 
culation has developed, a) Stream function, b) 
Negative values of the contoured variable 
correspond to positive buoyancy: zero contour is 
cioudtop. 


F,gu re 3. As in Figure 2, but for "laboratory" 
sounding, D. = - 2.0. y 


III. Data Analysis 

We report here on a preliminary analysis of high resolution measurements made aboard the NCAR Electra 
on July 5, 1987, as part of the FIRE project. For averaged 1-Hz thermodynamic measurements we used the 
static (fuselage) pressure, temperature measured by the the Rosemount thermometer, liquid water from the 
Johnson- Williams device, and vapor content computed by averaging, filtering and applying a 2-second lag (Aus- 
tin, personal communication) to the signal from the dewpoint sensors, and we used the 20 Hz FSSP and Lyman 
a records as high resolution tracers of the presence of cloud and pockets of moistened air. 

Figure 4 displays the sounding made at 19:06-19:10 GMT in saturation point coordinates (Betts, 1982), 
showing the thermodynamic structure of the cloud and above cloud layers. The mixing line lies close to a 
isopleth. There was some mean shear within the layer, permitting the identification of air parcel origin by hor- 
izontal velocity, as well as thermodynamic properties. The sounding values at 950 and 910 mb were used to 
calculate the dotted curve in Figure 1. The CEI criterion is marginally met; Z>* - -.006 and the cloud was quite 
solid. 
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Figure 4. 19:06-19:10 GMT, July 5 sounding com- 
puted in saturation point coordinates. Dotted Lines 
are 0„ isopleths computed at cloudtop, 920 mb. 
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Figure S shows portions of the time series of liquid water, w, 0, and the buoyancy flux (calculated as the 
simple covariance, unfiltered, of w and 6„) over an in-cloud segment at about 936 mb. The cloud was highly 
turbulent and the most notable features of the traces are the distinct events, tens of meters in scale, at intervals 
of about 4-5 kilometers in which the liquid water decreased sharply and there were large excursions in vertical 
velocity. This is the scale of die major undulations in cloudtop shown by lidar measurements later on this flight. 
Examination of the radiative fluxes and vapor content (not shown) suggests that the events were passage through 
columns of clear, and in some cases un saturated, air. Note the highly intermittent character of the buoyant 
fluxes; convection is driven from below as welt as from the top, and the breaks between cloud segments appear 
to play an important dynamic role. 

Cloudtop rose before the cloudtop traverse, a segment of which is shown in Figure 6. The aircraft flew in 
and out of cloudy segments at about 912 mb. The cloudy segments, which were more turbulent than the inter- 
vening dear air but much less turbulent than the cloud at lower levels, consist of regions of high liquid water 
content, separated by shorter, more dilute regions referred to by Mahn and Paumier as H wisps." Note the high 
turbulence levels marking small turbules of cloudy air and the high vapor content in some of the "wisps." Mix- 
ing appears fairly localized to the edges of the cloudy segments, as evidenced by the spikes in horizontal and 
vertical velocity there. Evaporative cooling is probably responsible for the velocity spikes at these interfaces. 
The spatial scales of these mixing regions are comparable with the scales of the liquid-free regions seen at lower 
levels, but the cooling is not sufficient to explain the descent of cloudtop air to the lower level without some 
dynamic forcing. The nonturbulent air between the cloudy segments is the result of prior mixing of cloud and 
upper level air, and may represent evidence of "cool pools" as shown in the calculations. (See Fig. 2). 
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Figure 5. In-cloud measurements made at 936 mb. Figure 6. Cloudtop measurements made at 912 mb, 

18:40-18:45 GMT, Average aircraft velocity about 19:20-19:25 GMT. See text. 

105 m/s. See text. 
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IV. Discussion 

From these preliminary results, it appears that mixing of cloudy and clear air takes place primarily in 
highly localized regions, both at the edges of large cloudy segments, and in the vicinity of small cloudy turbules 
rising into the cloudtop region. The descent of the mixed air is apparently accelerated by evaporative cooling. 
However, our simulations, as well as the observations, show that relatively quiescent, mixed, clear air accumu- 
lates between the upward penetrating cloud elements, and they suggest that it is not sufficiently negatively buoy- 
ant to be efficiently drawn down into the cloud. Moreover, it appears from the simulations that, under physi- 
cally realistic conditions, evaporative cooling alone does not lead to runaway entrainment, even when the CEI 
criterion is met, unless D. is a very large negative number. 

The relatively low efficiency of evaporative cooling in generating turbulent kinetic energy at the interface 
may be due partially to the fact that 8.(F) <0.(1 ) only for relatively high F values. Parcels with these mixture 
ratios are probably characteristic only of air at the base of the inversion layer. The displacement of the acclera- 
tion due to evaporative cooling from the upper layer fluid, and thus from the region at which it could most 
efficiently promote entrainment, is further suggested by recent laboratory experiments (Johari, 1988), showing 
that no molecular mixing occurs in a buoyant (or in this case, negatively buoyant) thermal until it has moved a 
distance comparable to its diameter. The evaporatively cooled parcels seen at cloudtop have dimensions on the 
order of tens of meters, so they may be roughly that far from their first encounter with upper level fluid before 
they receive the additional downward acceleration due to the evaporation. For small D., the mixed fluid simply 
accumulates at cloudtop, reshaping the density profile and thus slightly facilitating further entrainment there. 

Acknowledgement: This research was supported by NSF grant ATM-8620165. 
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and 
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California Space Institute, A-021 
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1. Introduction 

A major goal of the marine stratocumulus (MSc) segment of FIRE is to 
describe and explain the temporal and spatial variability in fractional cloud 
cover. The challenge from a theoretical standpoint is to correctly represent 
the mechanisms leading to the transitions between solid stratus, stratocumulus 
and trade wind cumulus. The development and testing of models accounting for 
fractional cloudiness require an observational data base that will come 
primarily from satellites. This, of course, is one of the missions of the 
ISCCP. 

There are a number of satellite cloud analysis programs that are being 
undertaken as part of FIRE. One that has already produced data from the FIRE 
MSc experiment is the spatial coherence method (Coakley and Baldwin, 1984). 
This method produces information on fractional cloud coverage and cloud 
heights. It may be possible, however, to extract more information on cloud 
structure from satellite data that might be of use in describing the 
transitions in the marine stratocumulus cloud deck. The purpose of this 
research is to explore potential applications of a cloud analysis scheme 
relying on more detailed analysis of visible and infrared cloud radiance 
statistics. 

For this preliminary study we examine data from three days during the 
1987 FIRE MSc field work. These case studies provide a basis for comparison 
and evaluation of the technique. Later studies will involve a more extensive 
data set. 

2. Satellite Data Set 

The data used in this analysis came from the AVHRR instrument aboard the 
NOAA polar orbiting satellites. Daytime passes of NOAA-9 over the eastern 
Pacific between approximately 20° and 40° N were selected for 7 July, 10 July 
and 13 July. A wide variety of cloud conditions are represented in these days. 
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A nearly solid status deck is found on the 13th. A wide spectrum of broken 
cloud conditions is found on the 10th and the 7th was chosen because of 
coincident LANDSAT and SPOT passes on this day. 

Visual (AVHRR Chan. 2, 0.8 pm) and IR (AVHRR Chan. 4, 11 pm) data are 
used, both having a horizontal resolution of 1.1 km at the subsatellite point. 

3. Cloud Classification Method 

Parikh (1977) demonstrated that spectral and textural features of visible 
and infrared satellite images could be used for cloud classification. 
Tournadre and Gautier (1988) have developed a method that uses a set of ten 
spectral and textural parameters to classify subscenes according to the cloud 
features that they contain. 

For the FIRE data the method is applied to scenes of 512 by 512 pixels. 
Each scene is divided into subscenes of 8 x 8 pixels. The ten parameters are 
then derived from the visible and IR data for each subscene. 

There are six spectral parameters and four textural parameters derived 
for each .subscene. The spectral parameters are the minimum, maximum and mean 
for both visible and IR channels. The textural parameters are based only on 
the visible data. They are derived from the statistics of the differences 
between adjacent pixels within the subscene. The parameters are: the first 

and second moments of the differences (the "mean distribution" and 
"contrast"), and the angular second momentum (ASM) and entropy of the 
distribution of differences. The first two textural parameters measure the 
magnitude of the differences within a subscene while the latter two textural 
parameters are functions only of the frequency distribution of the 
differences. 

Each parameter is normalized by tne respective mean and standard 
deviation computed over all subscenes. The set of ten normalized parameters 
then defines a "profile" that may be used to classify the subscene. For 
display purposes the ten parameters are ordered as follows: 1-minimum value 

visible, 2-maximum value visible, 3-mean value visible, 4-mean distribution 
visible, 5-contrast visible, 6-ASM visible, 7-Entropy visible, 8-minimum value 
IR, 9-maximum value IR, 10-mean value IR. 

A principal component analysis is then performed on all the profiles for 
a given scene. The method used follows that of Jalickee and Ropelewski (1978) 
who developed the technique for classifying atmospheric temperature profiles. 
Their method, which they call Typical Shape Function (TSF) analysis, is 
equivalent to a rotated Empirical Orthogonal Function (EOF) analysis. It 
produces a set of independent eigenvectors or TSFs that best represent the 
various profiles occurring within the scene. 

After the TSFs have been found, each profile is classified by finding 
which TSF it is best correlated with. Each subscene is assigned a number 
corresponding to the TSF for which its profile matches best. Because 
information on the magnitudes of the variations in the parameters relative to 
each other has been lost in the process of normalization, it is only the 
"shape" of the profile that matters in the process of classification. 



The classification procedure outlined above was repeated for several 
scenes on a given day. The TSFs from one scene are not in general identical to 
the TSFs from another scene. Therefore, in order to compare the 
classifications of multiple scenes, a common set of TSFs is required. This Is 
accomplished by finding which TSFs are most highly correlated and therefore 
probably representative of the same cloud type. The regrouped TSF set consists 
of averages of these common types. Each scene is then reclassified on the 
basis of this new set of TSFs. 

4. Results 

The discussion here will focus on data from 10 July 1987. The area chosen 
for analysis (Fig. l) was selected for its wealth of different cloud types and 

range of fractional 
cloudiness. Within the 
four 512 x 512 pixel 
scenes that make up the 
area, both open and 
closed cell clouds are 
evident (Fig. 2). What 
we seek to determine 
from this preliminary 
analysis is how well the 
TSF cloud classification 
scheme can discriminate 
these various cloud 
types. 


The results are 
displayed in image 
format where each 
subscene is shaded 
according to the TSF 
that its profile most 
closely matches. A 
monochrome rendition of 
the regrouped 

classification of Fig. 2 
is given in Fig. 3. 

There are nine classes in the regrouped classification. The TSFs for 3 of 
these classes are shown in Fig. 4. Regions of unbroken low cloud are shaded 
white in Fig. 3 and correspond to TSF class 1. There appears to be a band that 
is clear of clouds running horizontally in the lower half of Fig. 2. From Fig. 
3 we see that this corresponds to class 4. Class 3 occupies a large fraction 
of the upper right quadrant. Examination of Fig. 2 shows that these are partly 
cloudy regions with small cloud sizes. 

The class 1 profile (Fig. 4) has high visible spectral parameters and low 
IR parameters, as expected for radiation from a solid cloud. The texture 
parameters all indicate relatively homogeneous conditions. Class 4 has low 
visible and high IR spectral parameters as would be expected for radiation 



Figure 1. Location of the four scenes (bold boxes) used 
in the analysis for 10 July 1987. 






from the ocean surface. The textural parameters Indicate even more homogeneous 
conditions than for the unbroken cloud case (very high ASM and very low 

entropy). Class 3, the 

FIRE JULY 10, 1987 cuss 1 

REGROUPED TSF'S 


CLASS 3 
CLASS 4 



Figure 4. Profiles of the TSF parameters for three of the 
classes in Fig. 3. Class 1 is solid low cloud, class 3 is 
small broken cloud and class 4 is clear. 


small broken cloud cover 
case, has a low 
normalized visible 
minimum like the clear 
case, but higher 
normalized maximum and 
mean, comparable to the 
unbroken cloud case. IR 
spectral parameters are 
midway between the clear 
and unbroken case. What 
most distinguishes this 
class from the other two 
is the magnitude of the 
textural parameters. In 
all, this profile 
indicates a subscene 
containing some clear 
areas but one that is 
largely filled with low 
inhomogeneous clouds of 
small size. 


5. Summary 


The marine stratocumulus regime, as represented in the small sample 
examined for this study, contains a sizable number of distinctly different 
cloud types. We have demonstrated that a TSF analysis can objectively 
discriminate a number of these cloud types on the basis of spectral and 
spatial statistics. 

One application of this technique that we foresee is a description of the 
stages that the cloud layer goes through as it breaks up. Such a description 
will help in developing models of this process. Through intercomparisons with 
in situ measurements it may be possible to relate these cloud types to the 
thermodynamic properties of the cloud layer. 

In the future we plan to incorporate observations from FIRE aircraft and 
other satellites in refining the technique. Eventually, the TSF cloud 
signatures identified in this study will be added to a TSF data base being 
developed from analyses done with data from various cloud regimes around the 
globe. 
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FRACTIONAL CLOUDINESS IN SHALLOW CUMULUS LAYERS 


David A. Randall 

Department of Atmospheric Science 
Colorado State University 
Fort Collins, Colorado 80523 


1. Introduction. Fractional cloudiness influences the planetary boundary layer by controlling the 
cloud-top radiative cooling rate, and regulating the buoyant production and consumption of turbulence 
kinetic energy. Betts, Hanson, and Albrecht have modeled partly cloudy PBLs by assuming a single 
family of convective circulations. The same idealized model has been used in observational studies, 
based on conditional sampling and/or joint distribution functions, by Lenschow, Albrecht, and others. 
This approach is extended in the present paper. None of these authors has proposed a method to 
determine o, the fractional area covered by rising motion; finding such a method has been a key 
objective of the present study. 


2. Model formulation. As a starting point, we adopt Lilly's mixed-layer model. It is assumed that 
in the interior of the PBL, the turbulent fluxes are entirely due to the convective circulations, with 
rising branches covering fractional area c, and sinking branches covering fractional area 1 - o. The 
vertical flux of an arbitrary scalar v due to the convective circulations is given by 

V- 

( 2 . 1 ) 

where g is the acceleration of gravity; co* is the "convective mass flux"; and subscripts u and d denote 
upward and downward branches, respectively. Near the tower boundary is a "ventilation layer" 
(essentially the same as the surface layer) within which the turbulent fluxes have to be carried by 
small eddies, since the organized vertical motions associated with the convective circulations must 
vanish there. The ventilation layer is assumed to be thin in the sense that the turbulent fluxes at its 
top are approximately equal to those at the surface. The surface fluxes are assumed to satisfy the 
usual bulk aerodynamic formula, 

/V,-vfV V* 

( 2 . 2 ) 

where V is the "ventilation mass flux." Here subscripts g and S denote the earth's surface and a level 
in the ventilation layer, respectively. At level S, the parcels rising away from the lower boundary 
must be "charged" with the properties of the boundary. We cannot assume, however, that the 
properties of the updrafts at level S are the same as the those of the boundary, because there can be 
very strong gradients across the ventilation layer. The small eddies of the ventilation layer rapidly 
dilute air that has been in contact with the boundary, by mixing it with air that has recently descended 
from the interior of the PBL. In order to take this mixing into account, we introduce a nondimensional 
parameter, M v . such that 

rv.-V w V ; 

(2.3) 

in case M v * 1, we get (y u )s * y g - Smaller values of M v indicate stronger mixing by the small eddies 
of the ventilation layer. We expect 0< M v « 1. By combining (2.1-3), we find that 
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(2.4) 


-M v a>' S = gV(1 -o). 


This is a kind of ’continuity equation* for the eddies, expressing a relationship between the convective 
mass flux and the ventilation mass flux. 


Near the PBL top is an ’entrainment layer* within which the organized vertical motions 
associated with the convective circulations become negligible, and smaller eddies carry the turbulent 
fluxes. The entrainment layer is assumed to be thin in the sense that the turbulent fluxes at its base 
are approximately equal to those at the PBL top. We can show that 


-M e m, g =gEo B . 


(25) 


This is another 'continuity equation*, analogous to (2.4). Here subscript B denotes a level in the 
entrainment layer, and Me is another mixing parameter, analogous to My. We expect 0 < Me « 1 . 


We now assume that o is independent of height between the top of the ventilation layer and the 
base of the entrainment layer. This allows us to drop the subscripts B and S from o. Comparing (2.4) 
and (2.5), we find that 


a = 


Ea> M 
• s v 


1 + 


V(o M 
• e e 


(2.6) 


The form of (2.6) ensures that a is between zero and one, so long as the ratio in the denominator is 
positive. To develop a useful expression for o, a logical next step would be to introduce 
parameterizations for M e and My. Because M e and My represent the effects of small eddies with brief 
lifetimes, they should be highly amenable to parameterization. Unfortunately, however, no such 
parameterization currently exists. 

As an alternative to parameterizing M E and My, we assume that the expression in the 
denominator of (2.6) is equal to one. This implies that an increase in the convective mass flux at B or S 
is accompanied by more vigorous mixing there. Using this assumption, we find that 



(2.7) 


According to (2.7), o decreases as the entrainment mass flux increases relative to the ventilation mass 
flux. Rapid entrainment implies small o. 


3. Flux profiles In a partly cloudy well mixed layer. Lilly showed that, in a well mixed 
layer, the turbulent fluxes of conservative variables are linear with pressure, and also vary linearly 
with the entrainment rate. He further showed that in a mixed layer of horizontally uniform cloudiness 
the fluxes of liquid water and buoyancy have simple dependencies on height and the entrainment rate, 
even though liquid water and buoyancy are not conservative. In this Section we generalize Lilly's 
results to include the case of partly cloudy layers, by drawing on the results of Randall ( J . Atmos. 
Sci., 1987, pp. 850-858; hereafter referred to as R87), and using (2.7). An example is used for 
clarity. 
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We assume that (F r )s satisfies a hulk aerodynamic formula, and (F r ) B satisfies Lilly's "lump" 
relation. The effects of drizzle are neglected for simplicity. As an example, we consider the following 
parameters: Sp M - 70 mb, rju “ 7.5 g kg* 1 , T g - 21 °C, gV ■ 2.2 mb hr 1 , Ro - 70 W rrr 2 , Ao d - 2 K, 
Ao m - -2 K, ps - 1020 mb. Here Ao d and Ao m are the usual dry and moist inversion stability 
parameters. Fig. 1 shows how the latent heat flux varies with o. At the earth's surface, the latent 
heat flux is always equal to its prescribed surface value. Near the PBL top, F r varies strongly with E. 
Since E and o are related by (2.7), (F r ) B increases rapidly as o decreases for o « 1 . 

We assume that (F h ) s satisfies a bulk aerodynamic formula, and (F h ) B satisfies Lilly's "Jump" 
formula. (Distributed radiative cooling is neglected for simplicity.) The area-averaged radiative 
cooling obviously depends on the fractional cloudiness. We assume for simplicity that when only the 
updrafts are saturated 


4/?= <O u A/7 fl . 


(3.1) 


Here AR 0 denotes the radiative cooling that occurs above a fully overcast optically thick cloud layer. 
The factor Q„ is introduced to allow continuous transitions as clouds form and dissipate; for thick 
clouds, Q u = 1 . The details are omitted here for brevity. 

For the case in which only the updraft is saturated, the radiative cooling depends explicity on o 
through (3.1), and the turbulent fluxes also depend on o implicitly because the entrainment rate 
satisfies (2.7). The radiative cooling rate and the entrainment rate depend on the cloudiness, but to 
find the cloudiness we need to know the turbulent flux. In short, we have to so/ve simultaneously for 
the cloudiness, the radiative cooling rate, and the moist static energy flux. 

Fig. 1 shows how the updraft cloud depth varies with o, for the parameters given above. For s 
greater than about 0.7, no cloud occurs. For smaller values of o, the updrafts are cloudy, but the 

downdrafts remain cloud-free. Fig. 2 shows how AR varies with o . The maximum value of aR occurs 
for <j = 0.3; for larger values of o the cloud is absent or thin, and for smaller values it covers little of 
the area. 


Up to this point, we have not had to consider latent heat effects, since both the total mixing 
ratio and the moist static energy are conserved under both dry adiabatic and moist adiabatic processes. 
Virtual temperature is not conserved under moist processes, however. As shown by R87, for the case 
in which only the updrafts are saturated the convective mass flux model Implies that the buoyancy flux 
satisfies 


F„*(i-<’)(F av ) cw + <,)<F' V ) CLR -^ti-(i*6) e nr, 

(3.2) 

where T is a measure of the relative humidity of the mean state. In (3.2), the forms of F.v for the 
clear-sky and overcast cases are denoted by (F 8v )clr and (F #w ) C ld. respectively; L is the latent heat of 
condensation; and 5 and e are the usual positive nondimensional thermodynamic parameters. Notice that 
in (3.2) the "cloudy'' flux is paradoxically weighted by the "clear-sky" fractional area, and vice versa. 
A derivation and interpretation of (3.2) is given by R87. 
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Fig. 3 shows how the fluxes of moist static energy, total water, and liquid* water vary with 
with o, at the PBL top level. All three fluxes increase rapidly as o decreases for o « 1. This is due to 
the rapid increase in the entrainment rate as a decreases, which follows from (2.7). As a decreases, 
the liquid water mixing ratio of the updrafts increases, while that of the downdrafts remains constant 
(at zero). This favors an increase in the liquid water flux near the PBL top. Further discussion is given 
by R87. 


Fig. 4 shows the variation of F tv with o, at the surface, the updraft cloud base, and the PBL 
top. Of course, the surface value is independent of o. For o s 0.5, F, v decreases upward from the 
surface to cloud base, and increases upward continuously above cloud base. As E increases and a 
decreases, the vertical profile of F.v responds to several competing factors. First, increasing E tends 
to reduce F 8V below cloud base, because of the inversion at the PBL top. There is a similar but weaker 
tendency for Fsv to decrease above cloud base, unless cloud-top entrainment instability occurs. A 

second factor is that cloudiness leads to radiative cooling for a £ 0.5. For 0.3 < o < 0.5, SR increases 
as o decreases because the cloud gets thicker, even though its fractional area decreases. This increase 

in aR tends to increase F sv at all levels above the surface. For o £ 0.3, AR decreases as o decreases, 
and this tends to reduce F sv at all levels. 


4. Plans for comparisons with FIRE data. There are many ways in which the FIRE data can be 
used to test the assumptions on which the present model is based. Lenschow, Greenhut and others have 
demonstrated that conditional sampling methods can be used with aircraft data to determine the 
convective mass flux profile, and the updraft and downdraft properties, including the fractional area 
covered by rising motion. Using such methods, it should be possible to determine Mg and My. This can 
best be done by using (2.4) for My and the analogous definition for M e , with measured values of the 
updraft and downdraft properties. The values of M E and My so determined should be independent of 
'species;” they should be the same for water vapor and ozone, for example. 

The ventilation and entrainment mass fluxes can also be determined observationally, using 
standard methods. It then becomes possible to check (2.5) and (2.6), which are the key equations used 
in the derivation of our method to determine o. In addition, the assumption that o is independent of 
height can be tested. This assumption leads to (2.6), which is the most general form of our 
prescription for o. In addition, we can check (2.7), which has been used to determine o in this paper. 


5. Concluding Remarks. The fractional cloudiness parameterization described here is suitable, with 
minor modifications, for use in a general circulation model. It represents a break with earlier 
cloudiness parameterizations, because in the present parameterization, the cloud amount is partly 
determined by the turbulence. Of course, the more familiar couplings among clouds, radiation, and 
turbulence are retained. The cloud, turbulence, and radiation parameterizations give rise, therefore, 
to a coupled system of equations that mu$t be solved simultaneously. Dealing with this added 
complexity is a challenge for the future. 
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STUDYING MARINE STRATUS WITH LARGE EDDY SIMULATION 

by 

Chin-Hoh Moeng 

National Center for Atmospheric Research * 

P. O. Box 3000, Boulder, CO 80307 

April 1988 


Data sets from field experiments over the stratocumulus regime may include compli- 
cations from larger scale variations, decoupled cloud layers, diurnal cycle, or entrainment 
instability, etc. On top of the already complicated turbulence-radiation-condensation 
processes within the cloud-topped boundary layer (CTBL), these complexities may 
sometimes make interpretation of the data sets difficult. 

To study these processes, we need to have a better understanding of the basic pro- 
cesses involved in the prototype CTBL. For example, is cloudtop radiative cooling the 
primary source of the turbulent kinetic energy (TKE) within the CTBL? Curry et al. 
(1987) pointed out that the vertical gradient of the mean virtual potential temperature 
is almost always positive at cloud top and hence suggested that the mean radiative cool- 
ing does not generate TKE in the upside-down sense analogous to heating from the sur- 
face. Furthermore, from the analysis of the buoyancy-flux budgets, we found that the 
radiation term, which is proportional to the correlation between the radiative cooling 
and vertical velocity fluctuations, is small. This implies that the radiative cooling is not 
the primary source of buoyancy flux in the TKE budget. 

Historically, laboratory measurements have played an important role in addressing 
the turbulence problems. The CTBL is a turbulent field which is probably impossible to 
generate in laboratories. Large eddy simulation (LES) is an alternative way of “measur- 
ing” the turbulent structure under controlled environments, which allows us to systemat- 
ically examine the basic physical processes involved (Moeng, 1984; Moeng, 1986; Moeng, 
1987). 

However, there are problems with the LES approach for the CTBL. The LES data 
need to be consistent with the observed data. In the talk, I will discuss the LES ap- 
proach, and show results which provide some insights into the simulated turbulent flow 
field. Problems with this approach for the CTBL and information from the FIRE experi- 
ment needed to justify the LES results will be discussed. 


* The National Center for Atmospheric Research is sponsored by the National Science 
Foundation. 
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Cloud Spatial Structure During the FIRE MS IFO 


Robert F. Cahalan 

(1 ) Laboratory for Atmospheres, Goddard Space Flight Center, 

Greenbelt, MD 20771 


EXTENDED ABSTRACT 

This abstract summarizes work being done at the Goddard Laboratory for Atmospheres on the 
fractal properties of clouds observed during the FIRE Marine Stratocumulus Intensive Field 
Observations (MS IFO) and their effects on the large-scale radiative properties of the 
atmosphere. This involves three stages: (a) analysis of LANDSAT Thematic Mapper (TM) 
cloud data to determine the scaling properties associated with various cloud types; (b) 
simulation of fractal clouds with realistic scaling properties; (c) computation of mean radiative 
properties of fractal clouds as a function of their scaling properties. The focus here is on the 
empirical work, which is being done with the assistance of Mark Nestler of Science Applications 
Research. 

Thirty-three LANDSAT scenes were acquired As part of the FIRE Marine Stratocumulus IFO in 
July 1987. They exhibit a wide variety of stratocumulus structures. Analysis has so far focused 
upon the July 7 scene, in which the NASA ER-2, the BMO Cl 30 and the NCAR Electra 
repeatedly gathered data across a stratocumulus-fair weather cumulus transition. 

Before discussing our conclusions about cloud structure based upon observations of cloud 
reflectivity, we should first note that what we really wish to know is how the cloud liquid water 
is distributed, since the reflectivity is computable from the distribution of liquid water, 
traditionally by specifying microscopic properties like drop sizes, and macroscopic properties 
like optical depth, etc.. The radiation field provides a kind of low-pass spatial filter, so that there 
may be small-scale variations of liquid water to which the LANDSAT data is completely 
insensitive. However, the LANDSAT data does reveal considerable small-scale structure not 
included in our usual plane-parallel assumptions. Interpretation of this structure in terms of the 
three-dimensional distribution of liquid water will be an important result of coordinating the 
satellite and aircraft data analysis. 

brightness histograms 

The LANDSAT TM has 3 visible reflected bands, 3 near-infrared bands and the thermal water 
vapor window band. The July 7 stratocumulus clouds have a maximum reflectance of about 0.5, 
which saturates two of the visible and one of the near-infrared TM bands. Table 1 shows the 
typical maximum reflectance required to saturate each band. Bands 1, 3 and 5 are all saturated at 
a reflectance of less then 0.5, and thus are saturated by the July 7 stratocumulus. Band 2 (0.52- 
0.60) is saturated at 0.5, so that only the few brightest pixels are saturated. Bands 4 and 7 are 
well below saturation. 



Band 

1 

2 

3 

4 

5 
7 


Wavel ength^! 

0.45-0.52 

0.52-0.60 

0.63-0.69 

0.76-0.90 

1.55-1.75 

2.08-2.35 


Rsat 

0.22 

0.50 

0.46 

0.63 

0.41 

0.60 


sauirated? 




The histogram of the thermal band (Band 6, 10.4-12.5 microns) for July 7 shows two narrow 
peaks separated by about 8<>C, which corresponds to a cloud top at about 800 meters if we 
assume a dry adiabatic lapse rate. 


Plots of temperature versus brightness (band 6 vs band 7, for example) show the usual scatter of 
points extending up from the warm dark surface cluster to the cold bright cloud cluster. At 1 km 
resolution the points are all concentrated at the two extremes, but as the resolution is refined to 
120 m, narrowing the field-of-view to keep the number of pixels the same, the points spread out 
uniformly between the cloudy and clear clusters. This is due to the fact that the field-of-view is 
focusing in on the stratocumulus boundary, where a high percentage of partially cloudy pixels 
occur. 


spatial distributions 

The wavenumber spectra and cloud size distributions are approximately power-law, but the 
stratocumulus clouds conform to a single power more closely than do the fair weather cumulus, 
which exhibit a clear change in the fractal dimension at a diameter of about 0.4 km. The fractal 
dimension also changes with the reflectivity threshold. As the threshold is raised from cloud 
base to cloud top, the perimeter fractal dimension increases, perhaps indicative of the increased 
turbulence at cloud top. The aircraft and island data from FIRE will allow us to relate the spatial 
structure of the LANDS AT brightnesses to that of the liquid water, drop sizes, vertical motion 
and entrainment rate. 


The fact that the larger clouds are less probable and more irregular in shape suggests a random 
coincidence hypothesis. That is, the smaller clouds are generated by a scaling fractal process up 
to some maximum cell size of about 0.5 kilometers, and larger clouds occur only as accidental 
coincidences of the smaller ones. One test of this picture is to see if the smaller cloud areas have 
a simpler distribution of cloud brightnesses within each cloud area. Visual inspection of a few 
cases seems to bear this out, since we observe that the smaller cloud areas have a single 
brightness maximum, while larger ones invariably have multiple brightness maxima. 

Raising the threshold to a high level allows the determination of the fractal dimensions of the 
bright regions. The brighter regions were found to have higher perimeter dimensions for both 
fair weather cumulus and stratocumulus. In the case of fair weather cumulus it may be that the 
thicker, and therefore brighter, cloud regions are more irregular because they arise from the 
random coindidence of the smaller cells. On the other hand, in the case of stratocumulus this 
may be associated with increased turbulence at the cloud top, where the convection is driven by 
radiative cooling. Note that there is a limit to the increase of the perimeter dimension with 
threshold, since the brighter regions cover a successively smaller area as the threshold is raised. 

Stratocumulus dimensions are intermediate between the smaller and larger fair weather cumulus, 
and the break in slope is less pronounced. Since stratocumulus convection is driven by cooling 
at the cloud top, rather than heating from below as in fair weather cumulus, the stratocumulus 
downdraft regions are of more interest. These take the form of long, irregular leads, not unlike 
those observed in sea ice. 
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Simulations of fair weather cumulus and stratocumulus clouds have been developed which take 
these properties into account The simulations depend upon two scaling parameters which 
determine the distributions of cloud sizes and spacings; respectively, and also upon a maximum 
characteristic cell size. The fair weather cumulus simulations begin with an initially cloud free 
scene and add liquid water associated with updraft regions, while the stratocumulus simulations 
begin with a uniform liquid water distribution and remove liquid water in downdraft regions. 

The simulations may be run until a given total liquid water is generated, or each updraft and 
downdraft may be assigned a "lifetime" from some probability distribution, and the resulting 
time-dependent simulation run to a steady state. 

The initial Monte Carlo radiative transfer computations have been carried out with a highly 
simplified model in which liquid water is redistributed in an initially plane-parallel cloud while 
cloud height and mean optical depth are held fixed at each step. Redistribution decreases the 
mean albedo from the plane parallel case, since the albedo of optically thick regions saturates as 
optical depth is increased. The albedo of each homogeneous region may be computed from the 
thickness of each region independently only when the horizontal optical depth is large compared 
to the photon mean free path. The albedo of a region comparable in horizontal optical depth to 
the photon mean free path depends upon radiation from the sides. The mean albedo is 
insensitive to variations in optical depth on horizontal scales much smaller than the photon mean 
free path. These concepts have been illustrated with a simple one-parameter fractal model. 
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Reflectivities of Uniform and Broken Marine Stratiform Clouds 
James A. Coakley, Jr. 

National Center for Atmospheric Research 
Boulder, CO 80307 


1. Introduction 

Plane-parallel radiative transfer models are often used to estimate the effects of 
clouds on the earth’s energy budget and to retrieve cloud properties from satellite observa- 
tions. Here an attempt is made to assess the performance of such models by using (1 km) 2 
AVHRR data collected during the FIRE Marine Stratus IFO to determine the reflectivities 
and, in particular, the anisotropy of the reflected radiances for the clouds observed during 
the field experiment. The intent is to determine the anisotropy for conditions that are over- 
cast and to compare this anisotropy with that produced by the same cloud when broken. 
The observations will thus be used to quantify aspects of the differences between reflection 
by plane-parallel clouds and non-ptanar clouds expected on the basis of theoretical studies 
(McKee and Cox, 1974; Davies, 1978; Welch and Wielicki, 1984 and others). 

The results reported are from the 10 daytime passes analyzed during the field exper- 
iment (Coakley and Beckner, 1988), These passes coincided with major aircraft missions. 
The IFO provided a large sample of overcast conditions as is illustrated in Figure 1. The 
figure shows the frequency of cloud cover occurrence for all of the (60 km) 2 subregions 
included in the (500 km) 2 regions typically analyzed for each overpass. The predominant 
condition was overcast. Furthermore, the IFO presented a narrow range of sun-earth- 
satellite viewing geometries as is illustrated in Figure 2. The figure shows the scattering 
angle, which is the angle between the direction of the incident sunlight and the reflected 
radiation observed at the satellite, as a function of the AVHRR scan position. For the IFO 
radiation undergoes a smoothly varying transition in scattering geometry as a function 
of the AVHRR scan spot number. At small scan spot numbers radiation is invariably 
backscattered; at large scan spot numbers it is invariably forward scattered. Reflectivities 
are reported as a function of AVHRR scan spot position for both uniform and broken 
clouds and for 0.63 pm, where scattering is nearly conservative, and 3.7 pm where liquid 
water is moderately absorbing. 

2. Data Analysis 

To study the properties of uniform clouds and their broken counterparts, cases must 
be selected for which there is considerable confidence that the cloud is single-layered and 
either recognizably overcast or clearly broken. The results of the spatial coherence analysis 
of the AVHRR data are screened following procedures described by Coakley and Davies 
(1986) to ensure these condition. Furthermore, to ensure that the properties are reported 
for the same clouds, and to ensure that the properties are representative of the clouds, 
observations are restricted to (60 km) 2 subframes containing a single cloud layer, and 
having at least 20% of the area completely overcast while at the same time having at least 
20% covered by broken cloud from the same layer. To obtain reflectivities representative 
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Figure 1. Frequency of cloud cover occurrence for (60 km) 3 subregions derived from 
the daytime NOAA overpasses analysed during the FIRE Marine Stratus IFO. 
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Figure 2. Scattering angle as function of AVHRR scan position for the IFO region 
and period. 





of the broken cloud, allowance is made, to first order, for the fractional cloud cover, which 
is obtained by the spatial coherence method. That is, the reflectivity associated with 
broken clouds, rc, is given by 


_ r-(l-iic) 
fC Ac 


( 1 ) 


where r is the reflectivity for the portion of the (60 km) 2 subframe for which the fields 
of view are partially cloud covered and Ac is the fractional cloud cover for these fields of 
view. 


3. Results 

Figure 3 shows 0.63 fim reflectivities for overcast (open circles-solid line) and broken 
cloud conditions (dots-dashed line). It is immediately obvious that broken clouds reflect 
less radiation per unit cloud fraction than do overcast clouds. The decrease is approxi- 
mately 12% of the overcast reflectivity. This reduction in reflectivity can also be deduced 
from visible-infrared scatter diagrams. The reduction could be due to either smaller optical 
depths for the broken clouds or to the effects of cloud geometry (Schmetz, 1984). 


CLOUD REFLECTIVITIES 



Figure 3. 0.63 (tm reflectivities as a function of scan position for overcast (open 
circles-solid line) and broken clouds (dots-dashed line). Observations for both over- 
cast and broken clouds were taken from the same (60 km) 2 subregions. The two data 
points at the left side of the figure give the mean of all the points and the typical 
variability of the data points for each recorded scan position. 




There is considerable scatter in the reflectivities reported for the various scan posi- 
tions as is indicated by the error bars in Figure 3. With such variability it is difficult to 
deduce a trend in the anisotropy. Nevertheless, if a trend exists (that is, the observations 
are not an idiosyncrasy of the AVHRR or the sparse sample of data), it is for higher reflec- 
tivities at forward and backward scattering angles and lower reflectivities at intermediate 
angles or near nadir viewing. There is no discernible difference in the anisotropy of the 
radiance fields for overcast and broken clouds. 

At 3.7 pm liquid water becomes a moderate absorber. The single scattering albedo 
for marine stratus cloud droplets is approximately 0.9. Figure 4 shows the reflectivities 
for 3.7 pm radiation. To obtain the reflectivities, estimates of emission at 3.7 pm were 
removed from the observed radiances (Coakley and Davies, 1986). As with the visible 
reflectivities, the reflectivities at 3.7 pm show considerable scatter. If there is a trend, it is 
for higher reflectivities at forward and backward scattering angles and lower reflectivities at 
intermediate scattering angles. Unlike the visible reflectivities, the reflectivities at 3.7 pm 
for broken clouds are comparable in magnitude, if not greater than those for overcast 
conditions. The comparable magnitudes is a result of the absorption. With the absorption, 
the clouds become optically thick at 3.7 pm and the resulting reflected radiation is thus 
unaffected by optical depth* or leakage of radiation through the cloud boundaries. Coakley 
and Davies (1986) also note that the enhancement of reflectivities for broken clouds may 
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Figure 4. Same as Fig. 3 but for 3.7 pm. 
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be due to a systematic shift in cloud droplet size to smaller droplets at cloud edges or 
to the increased frequency of sun-cloud surface-satellite viewing geometries yielding high 
reflectivities for the broken clouds. 

4. Summary and Conclusions 

Reflectivities at visible wavelengths for broken clouds are 88% of the reflectivities 
of the same clouds under overcast conditions. The decrease in reflectivity for broken 
clouds may be due to smaller optical depths or to cloud geometrical effects. There is no 
discernible difference in the anisotropy of the reflectivities between broken and overcast 
cloud conditions. At 3.7 ftm where liquid water is a moderate absorber, the reflectivities 
of broken clouds are comparable to and even greater than those observed for overcast 
conditions. The lack of a difference at this wavelength is attributed to the amount of 
absorption, but may also be due to enhancements in the reflectivities for broken clouds 
that result from the microphysical structure of the cloud and the effects of cloud geometry 
on reflected radiation. 

When data received from PCDS for the IFO period is processed, the results will be 
added to those presented here. It is anticipated that the increased number of data points 
will clarify the anisotropy of the reflected radiation and will reveal any differences in the 
anisotropy for broken and overcast cloud conditions. To remove concerns about a scan 
dependent response to the AVHRR sensor, correlations of AVHRR reflectivities to those 
obtained with the ERBE scanner will be made when the ERBE data becomes available. 
Finally, calculations will be made using plane-parallel cloud models to determine the extent 
to which such models predict the observed anisotropy for conservative and nonconservative 
scattering. 
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Introduction 

Understanding the effects of aerosols on the microphysical characteristics of marine 
stratocumulus clouds, and the resulting influence on cloud radiative properties, is a primary 
goal of FIRE. The effect of aerosols on clouds and the impact on climate processes have 
recently been discussed by several authors (Twomey et al., 1984; Coakley et al., 1987, 
Charlson et al., 1987). Of particular concern in this presentation is the potential for 
observing variations of cloud characteristics that might be related to variations of available 
aerosols. Some results from theoretical estimates of cloud reflectance will be presented. We 
also present here the results of comparisons between aircraft-measured microphysical 
characteristics and satellite-detected radiative properties of marine stratocumulus clouds. 
These results are extracted from Mineart (1988) where the analysis procedures and a full 
discussion of the observations are presented. Due to the space available, only a brief 
description of the procedures and the composite results will be presented. 

The satellite data used here are from the National Oceanic and Atmospheric 
Administration (NOAA) Advanced Very High Resolution Radiometer (AVHRR) collected at 
the Scripps Satellite Oceanography Facility. The AVHRR channel 1 (0.63 /im), channel 3 
(3.7 pm), and channel 4 (11 jim) data were used in the analysis. Cloud microphysical data 
were obtained by instruments on the NCAR Electra during MABL cloud-penetrating 
missions in support of the IFO from 29 June - 19 July 1988. 

Results 


Theoretical Reflectance Estimates 

Cloud reflectance can be estimated from cloud droplet distributions that represent 
anticipated conditions in marine stratocumulus clouds. Model cloud droplet distributions 
were generated using the modified gamma distribution after Deirmendjian (1969). Modal 
radii of 4 and 8 pm were used to show the effects of change in droplet size. The results 
presented here are for a constant liquid water content of 0.4 g m' s . Three distributions at 
each mode radius were chosen to illustrate the effects of distribution width. The droplet 
size distribution curves for the two mode radii are shown in Fig. 1. The optical properties 
of the cloud droplet distributions were calculated using Mie calculations after Wiscombe 
(1980). Reflectance was calculated using the delta-Eddington approximation from 
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Joseph et al. (1976), applied ^t 45° solar zenith angle and cloud thickness ranging from 10 to 
750 meters. 

Fig. 2 illustrates the dependency of reflectance on cloud droplet size distribution, at 
a constant liquid water content (LWC) of 0.4 g m' 3 , for 0.63 /im (AVHRR channel 1 3) and 
3.7 /im wavelength (AVHRR channel 3). Reflectance decreases as droplet size increases for 
both wavelengths. 

Fig. 3 shows reflectance dependence on cloud thickness. Channel 1 reflectance 
increases sharply in the first few hundred meters and then asymptotically approaches a value 
of 1.0 with increasing cloud thickness. Channel 3 reflectance rises quickly at cloud 
thickness below 0.1 km and then remains constant. Therefore, reflectance in channel 3 does 
not vary with cloud thickness once the cloud is greater than about 100 m thick. This is due 
to the moderate absorption by water droplets at 3.7 jim wavelength. 


FIRE IFO Aircraft/ Satellite Comparisons 

Mineart (1988) presents four case studies that show a consistent relationship between 
cloud microphysical characteristics and radiative properties. Here we present only the 
composite results. The results of comparisons between coincident aircraft and satellite 
observations are displayed in Figs. 4 and 5. 

The 3.7 pm (AVHRR channel 3) reflectance in Fig. 4 displays an excellent 
correlation with cloud droplet size. The outlying data point at 3 pm represents an 
observation of a cloud edge (about 80 m thick), where the decrease in cloud thickness 
dominates the drop size effect on reflectance. Fig. 4 also compares the channel 3 results 
with the model cloud reflectance data shown in Fig. 2. The variations closely match the 
expected values from simple theoretical estimates. Also, the shift toward model distribution 
D1 (broadest distribution) at large droplet sizes and the shift toward model distribution D2 
(narrow distribution) at the smaller droplet sizes is consistent with the shift in distribution 
shape observed in the aircraft measurements (not presented here, see Mineart, 1988). 

Fig. 5 relates 0.63 pm (AVHRR channel 1) reflectance to cloud thickness. Cloud 
thickness values are estimated from APN-159 radar altimeter and PMS-King LWC data. 
The vertical and horizontal bars indicate the 95% confidence intervals. The data show 
increasing channel 1 reflectance with increasing cloud thickness, which is consistent with the 
dependence shown in Fig. 3. Although channel 1 reflectance should vary as a function of 
droplet radius with constant cloud thickness and LWC, we have not analyzed enough cases to 
separate variations due to drop size from variations due to LWC and cloud thickness. 

Conclusions 

Relationships between cloud reflectance and cloud characteristics have been 
illustrated by comparing AVHRR satellite data and aircraft measurements. At 0.63 pm 
(AVHRR channel 1) reflectance variations relate strongly to cloud thickness. Also, The 
expected relationship of higher reflectances from smaller cloud droplet size spectra is 
confirmed for 3.7 pm wavelength (AVHRR channel 3). This dependence is closely 
approximated by model cloud reflectance estimates. Although not presented here, Mineart 
(1988) showed that a primary source of droplet size variations is related to 
continental/marine air mass differences. Continental air masses are generally have higher 
concentrations of aerosols, higher concentrations of cloud droplets, and a shift towards a 
smaller mean cloud droplet radius. The strong dependence of channel 3 reflectance on cloud 
droplet size distribution allows inference of cloud composition characteristics from satellite 
observations. 
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Fig. 1 . Model Cloud Droplet Distributions for a modal radius = 4 pm, 
LWC=0.4 g m" s , Dl, D2, and D3 represent three modified gamma 
distributions of varying width. 




REFLECTANCE 


0.0 0.1 


M0UE-K=n LQ1AV 0=0.4 


0.3 0.4 


0.8 0.7 


CLOt'P THICKNESS (KM I 


Fig. 2. Reflectance verses cloud thickness for solar zenith angle=45°, modal 
radius=8 /im, LWC=0.4 g rrf 3 and at the three modified gamma distributions 
(Dl, D2, and D3). 
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Fig. 3. Reflectance verses droplet radius lor z=0.25 km. solar zenith 
angle=>45°, LWC*0.4 g m' 3 and at the three modified gamma distributions 
(Dl, D2, and D3). 
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Fig. 4. Reflectance at 3.7 pm wavelength from AVHRR analysis versus 
droplet radius from NCAR Electra measurements. Solid lines indicate the 95% 
confidence interval for the data points. Dashed lines indicate model cloud 
reflectance estimates for droplet distributions Dl, D2, and D3. 
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Fig. 5. Reflectance at 0.63 pm wavelength from AVHRR analysis versus 
cloud thickness from NCAR Electra measurements. Brackets indicate 95% 
confidence intervals for reflectance and cloud thickness. 
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Introduction 

Three Spot images taken during the FIRE experiment on stratocumuius (july 1987) have 
been analysed. From this high resolution data detailed observations of the true cloud 
radiance field may be made. The structure and inhomogeneity of these radiance fields 
hold important implications for the radiation budget , while the fine scale structure 
in radiance field provides information on cloud dynamics. Wieliki and Welsh (1986) and 
Parker et al. (1986) have quantified the inhomogeneities of the cumulus clouds through 
a careful examination of the distribution of cloud (and hole) size as functions of an 
effective cloud diameter and radiance threshold. Cahalan (1988) has compared for 
different cloud types (stratocumuius, fair wheather cumulus, convective clouds in the 
ITCZ ) the distr ibut ions of clouds (and holes) sizes, the relation between the size and 
the perimeter of these clouds (and holes), and examining the possibility of scale 
invariance. We extended these results from Land sat resolution (57m and 30m) to the 
Spot resolution (10m) resolution in the case of boundary layer clouds. Particular 
emphasis is placed on the statistics of zones of high and low reflectivity as a function 
of a threshold reflectivity. 

Data 

Each Spot instrument returns one panchromatic images (10m resolution) and three 
mult ispectral images (20m resolution). These images are obtained from the measure of 
solar e enery in a large spectral band (0.51-0.73) and three narrower bands at visible 
and infrared wavelengths. The saturation is reached in the panchromat ique band for 30% 
of reflectivity and in the mult ispectral bands respectively for 50%, 60% and 80% of 
reflectivity. Data are discretized in digital count comprised between 0 and 255. In 
the panchromatic image the sea reflectivity corresponds to about 25 counts. 

Three different Spot scenes have been recorded during the FIRE experiment: One 60km 
by 80km scene on the 7th of july both in panchromatic mode and mult ispect ral mode, one 
double scene of 120km by 120km on the 8th of july in panchromatic mode and on 60km by 
66km scene on the 19th both in panchromatic and mult ispectral mode. The 7 th and 8th 
are very cloudy. However, inspite of the small variability in radiances, different 
structures appear. The scene for the 19th of july is on the opposite characterized 
by the presence of very small clouds. From these data sets, three regions of 1024 by 
1024 pixels (10km by 10km) have been extracted (Fig. 1). The first region is composed 
of a mixing of high reflectivity and low reflectivity structures. The second region 
has increasing reflectivity from the center to the edges. Scene 3 is a almost clear 
sky with sparse small clouds of various size but -low reflectivity. 

Radiance field analysis 

For each of the three scenes, binary images have been constructed in order to study 
the size distribution of the high reflectivity and low reflectivity regions and their 
spatial dispersion. The images are constructed by using radiance threshold; for a 
certain threshold R, pixels having a radiance larger than R in the original image, are 
assigned the value 1 in the binary image while the other pixels are assigned the value 
0. The pixels with value 1 will be called high reflectivity pixels or “bright 1 ' pixels, 
whereas pixels with value 0 will be called low reflectivity pixels or "dark" pixels. 
The fraction of pixels in each state will vary with the chosen threshold; for scene 1 
and scene 2, thresholds have been chosen so as to obtain a "dark" ("bright") pixel 
percentage : 10%, 30%, 50%, 70%, 90%. For the clear scene on the 19th (scene 3), more 
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than 93% of the pixels are clear sky. In this case, four thresholds have been chosen 
as to have 93%, 95%, 97%, 98% of the pixels darker than the threshold. 


As the radiance threshold is increased the binary images of the first scene more and 
more resembles an open cell or cumulus cloud field. In binary images of scene 2, the 
interior hole becomes sucessively better defined, the similarity with an open cell is 
enhanced. For images of the third scene, the effect of increasing the threshold is 
first to mask noise over the sea, then to decrease the cloud surface area. For each 
threshold-related binary image, the number of "dark” and “bright” regions have been 
determined; then for each of these regions various parameters have been computed. We 
will concentrate only on two of them: the surface area or the number of pixels forming 
the region and the so called “perimeter” or the number of pixel edges which are at 
boundary between a “dark" and a "bright" pixel. From the surface area an equivalent 
diameter has been computed (see Wieliki and Welsh, 1986). To study their distributions 
the "dark” (“bright") surface areas have been gathered in classes of equal step of 
ln(2) in ln(D). Boundary between class increase by factor of 2 (10m, 20m, 40m ...) 
Figure 2 show these distributions for scene 2 and the 5 thresholds on a log/log plot . 

For scene 1 and 2, the observed dependence in the number of regions, and the distri- 
bution of the surface area of these regions versus thresholds indicates that as the 
percentage of "bright" ( “dark” ) pixels increases, the number of areas increases first 
and then decreases; at first as the “bright" ("dark") pixel percentage increases the 
number of new regions which appear is larger than the number of regions which are 
gathered, then the reverse situation occurs. The magnitude of these increases and 
decreases and the percentage value for the break point are related to the spatial or- 
ganisation of the bright and dark areas. For a given percentage, the number of small 
"dark” regions (10m to 160m in equivalent diameter) is larger than the number of small 
“bright" regions. Especially, the darkest pixels are wider spread in small regions than 
the brightest pixels. For scene 1 the number of "bright "( "dark" ) regions for a certain 
percentage is higher than for scene 2; the spatial mixing of the “bright" and "dark" 
regions of various area surface is larger in scene 1. 

For a given percentage of “bright" ("dark") pixels, the number of region decrease 
versus surface area increase is obvious; this increase is relatively uniform on the 
log/log plot (Fig. 2) for surface area larger than 10m and smaller than 1280m. Excep- 
tions are 90% cases of "bright “/"dark" regions, the number of regions and specially 
of small regions consequently decreases. The relat illy uniform decrease observed, is 
in agreement with previous results found by Cahalan (1988) for Landsat cloudy scenes; 
these results show that distributions of surface areas of clouds (or holes) often 
decrease versus surface area increase as a power law; the exponent is related to the 
cloud field beiing studied. This exponent is defined as the area exponents by Love joy 
and Shwertzer (1988). For boundary layer clouds, Cahalan finds an exponent value of 
1.5 for low thresholds, and observes an increase of this exponent for increasing 
thresholds. In the present study, when the power law aproximation seems reasonable ( 
a percentage of pixels smaller than 90% and generally surface areas between 20m and 
1240m), the exponent value found ranges between 1. and 1.3. 

The length of the boundary has also been computed, it appears that in the case of a 
small threshold the number of boundary pixel is larger than in the case of a high 
threshold, because of the larger spatial dispersion of the darkest pixels as compared 
to the brightest pixels. In order to have a measure of the complexity of the boundary 
of these “bright" (“dark") regions, we have plotted for each region its perimeter value 
versus the root mean square of its surface area on a log/log scale. The same linear 
relationship as found by Love joy (1982) on Goes images and by Cahalan (1988) on Lansat 
appears on these graphs; the fitted slope is close to 1.3. 

For scene 3 the number of "bright" or "cloud" regions is small, and the diameter of 
these clouds is generally between 10m and 360m. The large decrease of the number of 
regions (1135 to 562) occurs for thresholds between 29 and 31 which only correspond 
to about 0.4% reflectivity difference. This decrease is due to the dispar it ion of 
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noisy sea pixels. As for scene 1 and 2 the decrease of the distribution slope with 
surface area increase (for surface area between 20m and 320m) is relatively uniform. 
The slopes observed range between -.8 and ~,7. 

On the other hand, a box counting technic on a regular grid has been used to study 
the spatial distribution of these "bright” ("dark") regions. Box counting technics 
have been developped as a way to estimate the dimension of fractal sets (Dove joy and 
Shertzer, 1988). It has also been used to study the effect of sensor resolution (Shenk 
and Salomonson 1972), To apply this technic, different resolution grids are defined, 
for resolution elements varying from a quarter of the image (lowest resolution), to 
one pixel (highest resolution) and dividing at each step the resolution element by 4; 
then for each resolution the percentage of "bright" ("dark") coverage is determined 
by counting the number of resolution elements conta inning at least one "bright" 
("dark") pixel. For each scene and each threshold, the percentages of "bright” and 
"dark" coverages in function of the resolution (Eps) have been plotted. For each curve 
several parameters have been extracted. The first parameter is the exponent dO which 
for a fractal set equal its dimension, dO is obtained by fitting a a power law ( 
M( Eps ) =Eps**dO ) through the scatter. The other parameters MO, Beta and A are obtained 
by fitting a function F ( F=M0+A*Eps* *Be ta ). F is an empirical scaling law to 
determine the "true area" of assumed "fat fractal" set (Farmer and Umberger, 1985; 
Smith, 1986). 

These different parameters vary in function of the increase of the "bright" ("dark") 
pixel percentage and of the scene studied. They are related to the surface area dis- 
tribution of the "bright" and "dark" regions and to their relative spatial disposition. 
For high percentages, dO is close to 2, the fractal dimension of an area beiing 2. 
However as the percentage of "bright" ("dark") pixels decreases dO decreases due to 
the region increasing scatter. Cor relat i vely , A and Beta increase. For a given 
percentage of "dark" and "bright" pixels, the value of dO for "dark" regions is smaller 
than for "bright" regions, especially for the lowest percentages (1.5 and 1.7); On the 
opposite A and Beta are larger in the case of "dark" regions. These differences between 
the "dark" and "bright" cases are related to the larger number of regions found for 
the darkest image than for the brightest image. Differences are observed between scene 
1 and scene 2 in these parameter values and are related to the spatial organisation 
of the "bright" and "dark" region in these regions; especially, the differences between 
the parameters associated to the "dark" areas and to the "bright" areas are larger for 
scene 1 than scene 2, 

Conclusion 

Some results found are in agreement with previous studies on satellite high resolution 
data; the number of "bright" and "dark" region decrease versus surface area increase 
can be in some cases aprox imated by a power law; the perimeter and the surface area 
are found to be a power law related with an exponent close to 1.3. However, our study 
focussed, at least for two of the scenes, on the change in the scales of variability 
versus the percentage of pixels declared "thick" ("thin"). This shows the possibility 
for differentiating spatial structures in an apparently homogeneous cloud field. The 
parameters obtained from the fat fractal scaling can give usefull indications on these 
structures, and allow to aproximate the error in cloud cover estimation from coarse 
resolution data; further studies must be pursued to check the conditions for which fat 
fractal scaling can be applied to the cloud radiance field. The third scene shows the 
existence of very small and low refect ivity clouds and the importance of noise in the 
data for the choice of a cloud/no cloud detection threshold. This study has to be 
continued on more scenes; the comparison between the 10m and 20m resolution images has 
to be developped and simultaneously the effect of a spatial sampling or averaging of 
the data must be tested. Comparison of these 60km by 60km Spot scenes with the 
corresponding 1km resolution Goes radiance field has to be done. 



OF POOR 



273 



LN10 FRE 


References 


R. F. Cahalan, 1988: Landsat observations of fractal cloud structure. Non Linear 
Variability in Geophysics. S.L Eds, Reidel. 

D.K. Umberger and Farmer J.D. , 1985: Fat fractals on the enery of surface. Phys. Rev. 
Lett. 55, 661-664. 

S. Lovejoy, 1982: Area-perimeter relation for rain and cloud areas. Science, 26, 
185-187. 

S. Lovejoy and Sherlzer D. , 1988: Multifractal analysis techniques and geophysical 
applications. Non Linear Variability in Geophysics. S.L Eds, Reidel. 

L. Parker, Welsh R.M. and Musil D.J., 1986: Analysis of spatial Inhomogeneities in 

cumulus clouds using high spatial resolution Lansat datd. J. Climate Appl. Meteor., 
25, 1301-1314. 

William E. Shenk and Salomonson V. V., 1972: A simulation study exploring the effects 
of sensor spatial resolution on estimates of cloud cover from satellites. J. Appl. 
Meteor., 11, 214-220. 

L. Smith, 1986: Fat fractal scaling of cloud areas. Conference on Nonlinear 

Variability in Geophysics. 25-29 august 1986. McGill University, Montreal. 

Bruce Wieliki and Welch R. W., 1986: Cumulus cloud properties using Landsat satellite 
data. J. Climate Appl. Meteor., 25, 261-276. 



Figure 2; Distributions of the surface Figure 3s For scene 1, difference of the 
areas of the "thick" regions in scene 2 "thick" pixel percentage (M(Eps)) with 
for 5 thresholds; the , , , , , corres- the estimated percentage M(0) versus 
pond to thresholds 10%,30%,50t,70t,90%. resolution Eps for 4 thresholds; the , 

, , , , correspond to thresholds 
10%/30%/50%/70%. 
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b) 1024*1024 pixel square 
corresponding to region 2? the 
black (white) represents the 
radiance SO (255), 


c) 2048 by 2048 pixel square; region 3 
Is a 1024 by 1024 pixel square placed on 

the middle left part of the scene, the Figure It Spot panchrom&t ique Image®, 

black (white) represents the radiance 
25 (80). 
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Stratocumulus cloud fields in the FIRE IFO region are analyzed 
using LANDSAT Thematic Mapper imagery. Structural properties such as 
cloud cell size distribution, cell horizontal apsect ratio, fractional 
coverage and fractal dimension are determined. It is found that stra- 
tocumulus cloud number densities are represented by a power law. The 
slope of the power law ° Is about a = 1.5 for cell diameters D < 1 km 
and about a = 2.5 for cell diameters C > 1 km. Cell horizontal aspect 
ratio has a tendency to increase at large cell sizes, and cells are 
bi-fractal in nature. Using LANDSAT Multi spectal Scanner imagery for 
twelve selected stratocumulus scenes acquired during previous years, 
similar structural characteristics are obtained. 

Cloud field spatial organization also is analyzed. Nearest- 
neighbor spacings are fit with a number of functions, with Wei bull and 
Gamma distributions providing the best fits. Poisson tests show that 
the spatial separations are not random. Second order statistics are 
used to examine clustering. 
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1. Introduction 

The Geostationary Operational Environmental Satellite (GOES) is well 
suited for observations of the variations of clouds over many temporal and 
spatial scales. For this reason, GOES data taken during the Marine 
Stratocumulus Intensive Field Observations (IFO) (June 29 - July 19, 1987, 
Kloessel et al. , 1988) serve several purposes. One facet of the First ISCCP 
Regional Experiment (FIRE) is improvement of our understanding of cloud 
parameter retrievals from satellite-observed radiances. This involves 
comparisons of coincident satellite cloud parameters and high resolution 
data taken by various instruments on other platforms during the IFO periods. 
Another aspect of FIRE is the improvement of both large- and small-scale 
models of stratocumulus used in general circulation models (GCMs) . This may 
involve, among other studies, linking the small-scale processes observed 
during the IFO to the variations in large-scale cloud fields observed with 
the satellites during the IFO and Extended Time Observation (ETO) periods. 
This paper presents preliminary results of an analysis of GOES data covering 
most of the IFO period. The large-scale cloud- field characteristics are 
derived, then related to a longer period of measurements. Finally, some 
point measurements taken from the surface are compared to regional scale 
cloud parameters derived from satellite radiances. 

2. Data and methodology 

The data used in this study are hourly GOES -East, 8 -km visible (0.65 
pm) and infrared (10.5 pm) radiances and half-hourly GOES-West 1-km visible 
and 4 -km infrared radiances. Analysis of the data is the same as that 
described by Minnis et al. (1988). The cloud parameters were derived for 
2.5° regions between 140°W and 115°W longitudes and 40°N and 25°N latitudes. 
They include cloud amount, cloud- top temperature, cloud albedo, and clear - 
sky temperature and albedo for each region. All of the cloud parameters 
were derived for total, low (< 2 km), middle (2-6 km), and high (> 6 km) 
clouds. GOES-East cloud amounts were corrected for viewing zenith angle as 
described by Minnis et al. (1988). Albedo here refers to the mean top-of- 
the- atmosphere broadband shortwave (0.2 - 5.0 pm) albedo over clear or 
cloudy areas. Details of its determination from the visible radiances are 
given in Minnis et al. (1988). Means are computed In the same fashion noted 
by Minnis et al. (1987). 

3. Large-scale cloud features 

At the time of this writing, only the cloud analyses from a 3 -hourly 
subset of the July, 1987 GOES-East data were completed. All results shown 
here refer to July 2-19, 1987 GOES-East data, unless specified otherwise. 
Mean total cloudiness, shown in Fig. la, is less than 70% algng the Q 
California coast reaching a maximum of more than 90% near 34 N and 132 W. 
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Total cloudiness is < 70% in the southeastern and southwestern corners of 
the grid. Except over land areas and the northwestern corner, more than 95% 
of the total cloud cover consists of low-level clouds (Fig. lb). 

The clear-sky temperatures (Fig. 2) over the ocean range from about 
285K in the north to 290K in the southeastern corner of the region. Mean 
oceanic, equivalent blackbody, cloud- top temperatures in Fig. 3 vary from 
276K in the northwestern corner to about 286K in the southeastern corner. 
Mean clear ocean albedos range between 0.10 and 0.12 while cloud albedos 
(Fig. 4) over the ocean regions are between 0.30 and 0.40. Maximum cloud 
albedos occur within much of the IF0 region southwest of Los Angeles. 

Minimum cloud albedo (0.31) occurs over the southeastern and southwestern 
corners of the region. 

Diurnal variability of total cloud cover is plotted in Fig. 5 for 
each 2.5 region. Maximum cloudiness occurs around 0600 LT overfall of the 
ocean regions while the minimum is found during the afternoon. Two large 
areas assumed to represent near-coast and midocean conditions are defined as 
the pacific (PAC) region between 25°N and 32.5°N and 140°W and 132. 5°W and 
the IFO region bordered by 35°N and 30°N and 125°W and 120°W with an 
additional 2.5° region to the east centered at 31.3°N and 118. 8°W. The 3 - 
hourly means for these two regions are shown in Fig. 6. Maximum cloudiness 
occurs at the same time for both of these regions, while minimum cloudiness 
appears to occur earlier over the PAC than it does over the IFO region. The 
diurnal range over the PAC is significantly higher than over the IFO region. 

Although cloud amounts during the 18-day period are from 0 to 20% 
greater than the July 2-31 mean value, the remaining parameters are very 
close to the corresponding monthly means. These results appear to be 
relatively typical' of the cloud properties observed over this same grid 
during earlier years. A comparison with the data of Minnis et al. (1988) 
reveals very similar patterns in cloud- top temperature, cloud albedo, clear- 
sky temperature, cloud amounts, and diurnal cloud variability. The slightly 
lower values of cloud albedo may be due to uncertainties in the calibration 
procedures. The extreme viewing zenith angles in these data may also affect 
some of the parameter values. Despite these potential limitations, these 
results indicate that the IFO period represents fairly typical conditions 
over the California marine stratocumulus region. 

4. Comparisons with surface observations 

Most of the comparisons with other analyses will attempt to match the 
spatial domain of the correlative data to a reasonable degree. In this 
section, however, point measurements of cloud properties taken from San 
Nicolas Island are compared to large -area averages derived from the GOES 
results over a 2.5° region, designated R39, centered at 31.3 N and 118. 8°W 
which Is just south of the island. (The region containing the island is 
partially land-covered, introducing some complications) . This comparison is 
shown to demonstrate how the surface and/or aircraft data may be related to 
the satellite cloud retrievals. The point measurements are the values of 
cloud-top height and cloud base, cloud liquid water density, and solar 
irradiance measured between 1200 UT July 12 and 0600 UT July 15 as well as 
the hourly averages of liquid water for July 2-19, 1987 (FIRE, 1987). 

Figure 7 shows the time series of cloud cover over R39, while the 
corresponding clear-sky and cloud- top temperatures are given in Fig. 8 with 
the San Nicolas Island cloud base and top heights. Clear-sky temperature 
changes by less than IK over the period. Cloud- top temperature and cloud- 
top altitude vary In a negative correspondence. Significant breaks in the 



clouds over the Island also occur during the lowest cloud amounts over R39 
late on July 12 and early on July 13, The values of cloud albedo shown in 
Fig. 9 reveal sparse sampling, but also vary with the liquid water density 
over the island. Cloud albedo normally increases with increasing solar 
zenith angle because of increased air mass. If the cloud properties are 
constant, then the cloud albedo variation should be symmetrical about local 
noon and the same each day. Local noon occurs at approximately 1955 UT. 
Thus, aside from the increasing albedo from July 12 to July 14, a morning 
bias in cloud albedo is also evident. These two patterns apparently reflect 
the variations in cloud liquid water density. This correspondence is 
clearer in the comparison of the 18 -day means of albedo and liquid water 
which show a morning bias in both quantities (Fig. 10). Similar cloud 
albedo variations have been reported over other regions covered by large- 
scale stratocumulus cloud fields (e.g., Minnis and Harrison, 1984^). 
Eighteen-day averages of cloud amount and cloud-top temperature tFig. 11) 
also suggest that the variations in stratocumulus cloud properties seen 
during this small window are fairly representative of the clouds in this 
area during July. 

5. Concluding remarks 

The preliminary results presented here have led to several 
conclusions. It appears that the large-scale cloud properties observed 
during the 1987 1F0 are very similar to the climatological (i.e,, 1984-1987) 
means. Thus, the results of this experiment should be very representative 
of the California marine stratocumulus during July. Regional -scale 
satellite measurements appear to correspond closely to island-observed 
quantities suggesting that the island observations are representative of 
cloud property variations on a much larger scale. These results also 
indicate that the satellite retrieval is producing a reasonable estimate of 
stratocumulus characteristics. Much additional research is anticipated 
using the GOES-Vest satellite with higher temporal and spatial sampling. 

This should allow for improvements in defining cloud structure and in 
matching the satellite observations to those on other platforms. 
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Figure 1. Mean cloud amounts (X) for July 1987. 
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Figure 3. Mean cloud-top temperatures 
for July 1987. 
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Figure 4. Mean cloud albedo (%) for Figure 6. Diurnal variability of total 
July 1987. cloud aaount (X). 


282 









0 8 12 18 24 


LOCAL TIME (HR) 

Figure 6. Diurnal variability of total 
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Figure 7. July 12-14 'time series of 

Region 39 cloud amount (X). 
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Figure 9. July 12-14 time series of 
cloud albedo (— ) over 
Region 39 with San Nicolas 
LWD (O). 
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Aerosol measurements in the stratocumulus project 


by James 6. Hudson 

Desert Research Institute 
University of Nevada System 
P.O. Box 60220 
Reno, Nevada 89506 


Cloud Condensation Nuclei (CCN) and Condensation Nuclei (CN) 
vere measured from the NCAR Electra throughout the marine 
stratocumulus project. The total particle concentration was 
measured vith a TSI 3020 condensation nucleus counter. The CCN 
vere measured vith the DRI instantaneous CCN spectrometer 
(Hudson, 1986). This instrument simultaneously measures the 
concentration of aerosol active at up to 100 different critical 
supersaturations. Sc. This is accomplished by exposing the 
sample to a fixed supersaturation field and using the size of the 
droplets produced in this cloud chamber to deduce the Sc of the 
nuclei upon vhich they have grown. Droplet size is associated 
vith Sc through a calibration vhich is accomplished by passing 
soluble aerosols of knovn size and composition through the cloud 
chamber. This procedure results in a calibration curve of Sc vs. 
droplet size. This then allovs the channel number to be directly 
associated vith Sc. Thus number concentration vs. Sc is obtained 
and this is a CCN spectrum. Since the instrument operates 
continuously the measurements at all Sets are available 
simultaneously. Sample is draun directly from the ambient air 
and data is displayed in nearly real time. Samples vere 
integrated over times of about 10 seconds so that substantial 
spatial resolution is available. Calibrations performed once 
or tvice a day and vere found to be consistent. 

Preliminary results are shovn in the figures 1-4. Figure 1 
shovs the rather surprizing but consistent result that the 
particle concentration belov cloud is lover than the 
concentrations above cloud. This vas true for all measurements 
on the Electra. Therefore it appears that continental or 
polluted air vas advected out over the ocean at these levels. 
Figures 2 arid 3 exhibit differential CCN spectra above and belov 
cloud. This differential display of the CCN spectrum is nov 
possible because of the great number of Sc channels vhich are nov 
available vith this nev instrument. It is much more useful than 
the traditional cumulative CCN spectra because, for instance, it 
readily reveals the higher concentrations of small particles (CN 
and high Sc CCN) above cloud (fig. 3). This can be contrasted 
vith the flatter spectrum seen belov cloud (fig. 2). The 
steeper spectrum is indicative of more recent particle production 



whereas the flatter spectrum seen In figure 2 is characteristic 
of a sore aged aerosol where the smaller particles have 
coagulated into larger particles. There is a preliminary 
indication that the feature exhibited in figure 1 and further 
explained in figures 2 and 3 is not as prominent at night. If so 
it would indicate photochemical particle production in the air 
above cloud. 

At any rate the higher conctrations above cloud are very 
important when it is considered that the droplet spectrum in the 
upper layers of a cloud determines the cloud albedo. If the high 
CCN concentrations are indeed influencing the cloud microphysir.s 
and producing a cloud with more numerous small droplets then this 
could be an example of widespread anthropogenic influence on 
cloud albedo ( i. e. Twomey et al. , 1984) which could produce a 

climatic effect as large (but in the opposite direction) as the 
possible carbon dioxide effect. 

Fig. 4 shows that ships are a source of CCN. Thus this 
hypotheses for the explanation of shiptrails first proposed by 
Conover (1966) is not contradicted. Although shiptrails 
themselves do not pose a threat to climate they are an indication 
of the sensitivity of maritime clouds to anthropogenic and 
continental influences on microphysics. These aerosol 
measurements indicate that the U.S. vestcoast stratus may already 
exhibit the cloud microphysical effects which could have profound 
climatic Implications. Shiptrails were not encountered by the 
Electra. However the high concentrations of CCN shown in figure 
1 reveal that the clouds in this vicinity have already had 
microphysical alterations to the extent that the increase in 
concentration due to the ship exhaust may have only a minor 
effect on cloud microphysics. Therefore these widespread cloud 
decks may already be experiencing anthropogenic effects due to 
transport of air from the continent. This is consistent with the 
fact that shiptrails are rarely observed close to shore. 
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Fig. 2 Differential CCN spectrum in the air below cloud base. 
The cumulative CCN concentration is given in the second line from 
the top beginning with 25 and ending with 4. The CN or total 
aerosol concentration in this case was 78 per cubic centimeter. 


551 834:51.8 983 21.9 20 01$>i.l9 1.92 3,55 4.87 5.88 5.88 5.92 6.83 4.12 
75 80 25 72 25 24^21 16 11 8 6 4 31.83 7.8 (1) 



TIBI 

BEC 551 10 558 

slope Letwtn ly. and 8.4X, k= .24 

SLOPE BETWEEN 8.1X AND 0.04/., k= .35 
SIAM TINE - 07 02 18 34:51.8 
END TINE * 87 82 18 35:56.5 

Sett) 


Fig. 3. As lig. 2 but. above cloud vhere the total concentration 
was 248 and the total CCN concentration was 139. 
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IN SITU MEASUREMENTS OF "SHIP TRACKS" 
Lawrence F. Radke, Jamie H. Lyons and Peter V. Hobbs 
Atmospheric Sciences Department, University of Washington 
Seattle, Washington 98195 USA 
and 

James E. Coakley 

National Center for Atmospheric Research 
Boulder, Colorado 80307 USA 


1. INTRODUCTION 

It has long been known that cloud droplet 
concentrations are strongly influenced by cloud 
condensation nuclei (CCN) (Twomey and Warner, 

1967) and that anthropogenic sources of pollution can 
affect CCN concentrations (Radke and Hobbs, 1976). 
More recently it has been suggested that CCN may play 
an important role in climate through their effect on cloud 
albedo (Twomey et al., 1984; Charlson et al., 1987). 

An interesting example of the effect of anthropogenic 
CCN on cloud albedo is the so-called "ship track" 
phenomenon. Ship tracks were first observed in 
satellite imagery when the ship's emissions were 
evidently needed for the formation of a visible cloud 
(Conover, 1966). However, they appear more 
frequently in satellite imagery as modifications to 
existing stratus and stratocumulus clouds. The tracks 
arc seen most clearly in satellite imagery by comparing 
the radiance at 3.7 pm with that at 0.63 and 1 1 pm 
(Coakley et al., 1987). To account for the observed 
change in radiance, droplet concentrations must be 
high, and the mean size of the droplets small, in ship 
tracks. 

In this note we describe what we believe to be the first 
in situ measurements in what appears to have been a 
ship track. 

2. OBSERVATIONS 

During the FIRE study of marine stratus off the coast of 
California in the summer of 1987, a number of ship- 
tracks were detected with 3.7 pm satellite radiance 
measurements. Interceptions of ship track-like features 
by the University of Washington's C-131A research 
aircraft were made on July 2, 7 and 10. The July 10 
case is described here. 


On July 10 a ship track-like feature (hereafter referred to 
as "the feature") was penetrated by the aircraft between 
1557 and 1615 UTC in the vicinity of 32*N and 
I20*W. The surface synoptic situation was dominated 
by a subtropical high off the California Coast with the 
winds from the N-NW. The GOES satellite imagery 
showed rather uniform stratocumulus in the area. 
Several ship track-like features are visible in the GOES 
2015 UTC imagery. The satellite image that is closest 
in time to our aircraft observations is the NOAA-10 
satellite imagery for 1537 UTC. This shows a linear 
track near the feature that we intercepted, however, 
there is a possibility that the feature on the satellite 
imagery is a mesoscale cloud boundary. 



Figure l: Cloud drop size distributions in 3-D 
perspective across the ship track-like feature on 10 July 
1987. 


■ORIGINAL' PAGE IS 
OF POOR QUALITY 




-i 

100 

(t 50k 


Ship track 
K H 




0654 


0656 


-J * * 1 1 J L- 

0658 

me <poro 


0900 


0902 


Figure. 2: Total cloud drop concentrations, Aitken 
nucleus concentrations and broadband upward radiance 
measurements across the ship track-like feature on 10 
July 1987. 


The first aircraft penetration of the ship track-like 
feature was made at 1557 UTQ when the aircraft was 
located about midway between the top and bottom of a 
stratocumulus layer about 500 ra thick. The change in 
the drop size distribution across the feature is clearly 
revealed by the microphysical measurements shown in 
Fig. 1. The feature can also be seen in Fig. 2, where 
total drop concentrations arc shown. The increase in 
liquid water content in the feature was about 30%. 


Also shown in Fig. 2 are measurements of Aitken 
nucleus concentrations, which show a sharp increase 
across the feature. The Aitken nucleus measurements 
were made within the cloud and represent mainly the 
cloud interstitial aerosol (Radke, 1983). However, a 
fraction of these nuclei may be the evaporated residues 
of cloud drops. Hence, while in cloud, a modest 
correlation is to be expected between drop and Aitken 
nucleus concentrations. Nevertheless, the sharp 
increase in Aitken nuclei in the feature must have been 
due to a dramatic increase in interstitial particles, 
particles that did not serve as CCN in the cloud Such 
particles could well have been combustion products 
from a ship’s engine. 



DROPLET DIAMETER (pm) 

Figure 3: Cloud droplet size distributions averaged 
across (A) and on either side of (B) the ship track-likc 
feature on 10 July 1987. Overprinted are 
corresponding data showing the effect on a cloud of the 
emissions from a coal-fired electric power plant (from 
Hobbs et a!., 1980). 

Coincident with the feature was an average increase of 
~ 16% in upward radiance detected by the Epplcy 
broad-band radiometer aboard the aircraft (Fig. 2). 
Coakley et al. (1988) show that the change in upward 
radiance, A R, is related to a change in cloud drop 
concentration AN by; 
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Substituting the value of ^ (= ^ 5 -) from our 
measurements into (1) yields AR — 17%. 


3. DISCUSSION 

Is it feasible that the modifications to the cloud structure 
described above could have been produced by 
emissions from a ship? In Fig. 3 we show the drop 
size distributions measured in and on either side of the 
feature. Also shown in Fig. 3 for comparison, are 



measurements of the effect on the cloud drop size 
distribution of the emissions from a 1000 MW coal- 
fired electric power plant on a cloud 13 km downwind 
of the plant (data from Hobbs et al., 1980). It can be 
seen that the two effects are similar. Hobbs et al. 
calculated that the flux of CCN active at 0.2% 
supersaturation from the coal power plant, including 
gas-to-particle conversion in the plume, was - 10*6 - 
10*7 g-1. This is a large source of CCN, comparable 
to the emissions from a large urban area or industrial 
complex (Radke and Hobbs, 1976). 

Assuming a ship speed of 10 m s**, and using the 
measurements of 16 km and - 500 m for the width and 
depth, respectively, of the feature, and an increase in 
droplet concentration in the feature of 100 cnr3 we 
calculate that in order for a ship to produce the observed 
changes in drop concentrations it would have had to 
produce - 10*6 CCN s~*. This requires the ship to be 
a very large (perhaps unreasonably large) source of 
CCN, However, in addition to fuel combustion, a ship 
can cause CCN to be lofted into the atmosphere by 
generating sea-salt particles through cavitation, 
splashing and bubble bursting. Particle production by 
these processes can produce substantial numbers of 
particles in the 0.1 - 1 pm size range (Radke, 1977). 
Since these particles serve as very efficient CCN, they 
could augment the combustion products from a ship and 
thereby play a role in the formation of ship tracks. 

Also, the dynamic effects suggested by the increase in 
liquid water content in the feature would increase the 
supersaturation in the cloud and thereby activate 
additional CCN. A ship might also loft additional water 
vapor through emissions and/or stirring of the boundary 
layer. 

Despite these various means by which ships might 
modify clouds, we have to conclude that ship tracks are 
a surprising phenomenon that is not yet fully explained. 
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ESTIMATED ACCURACY OF GROUND-BASED 
LIQUID HATER MEASUREMENTS DURING FIRE 


J. B. Snider 
NOAA/ERL/WPL 
325 Broadway 
Boulder, CO 80303 


Remote measurements of path-integrated liquid water and precipitable 
water vapor were made continuously during the Marine Stratocumulus Inten- 
sive Field Observations (IFO) from 1 - 19 July 1987. Observations were made 
with a three-channel (20.6, 31.65 and 90.0 GHz) microwave radiometer whose 
antenna was directed toward the zenith. As a result, the radiometer provided 
a continuous record of the total vertical moisture substance, 1. e. both 
liquid and vapor, passing overhead. Fig. la shows hourly averages of the 
vapor and liquid amounts passing over the radiometer during the three week 
experiment. As expected, amounts of vertically-integrated liquid water 
contained in the marine stratocumulus were relatively small but highly 
variable (see table I). An example of the typical variation observed during a 
day's time is shown in figure 1b. 

Since one goal of the FIRE project is to improve our understanding of 
the relationships between cloud microphysics and cloud reflectivity, it 
is important that the accuracy of remote liquid measurements by microwave 
radiometry be thoroughly understood. The question is particularly relevant 
since the uncertainty in the absolute value of the radiometric liquid 
measurement is greatest at low liquid water contents (<tf. 1 mm). However, it 
should be stressed that although uncertainty exists in the absolute value of 
liquid, it is well known that the observed radiometric signal is proportional 
to the amount of liquid in the antenna beam. As a result, changes in amounts 
of liquid are known to greater accuracy than the absolute value, which may 
contain a bias. In this paper, an assessment of the liquid measurement 
accuracy attained at San Nicolas Island (SNI) is presented. 

The vapor and liquid water data shown in Fig. 1 were computed from 
the radiometric brightness temperatures using statistical retrieval algo- 
rithms (Hogg et al.,1983). The regression coefficients in the algorithms are 
customarily derived from a priori radiosonde data for the area where the 
measurements are performed. However, for the data reported here, the 
retrieval coefficients were derived from the 69 soundings made by Colorado 
State University during the SNI observations. Sources of error in the vapor 
and liquid measurements include cross-talk in the retrieval algorithm (not 
a factor at low liquid contents), uncertainties in the brightness temperature 
measurement, and uncertainties in the vapor and liquid attenuation coef- 
ficients. The relative importance of these errors is discussed. For the 
retrieval of path-integrated liquid water, the greatest uncertainty is caused 
by the temperature dependence of the absorption at microwave frequencies. As 
a result, the accuracy of statistical retrieval of liquid depends to large 
measure upon how representative the a priori radiosonde data are of the 
conditions prevailing during the measurements. 
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In an attempt to clarify this question, the microwave radiometer 
measurements at SNI were supplemented by an infrared (IR) radiometer modified 
for measurement of cloud-base temperature. Thus, the IR system provides the 
means to incorporate continuous measurements of the liquid temperature into 
the retrieval process. The method involves separation of the contributions to 
the total absorption due to water vapor and liquid water through an empirical 
relationship between absorption by vapor and the integrated water vapor 
obtained at SNI during clear weather. The excess attenuation caused by the 
liquid water is converted to the amount of path-integrated liquid using 
recent formulations for dielectric constant (Liebe, 1988) at the liquid 
temperature indicated by the IR radiometer. Table II presents calculations of 
amounts of liquid water calculated by (1) statistical inversion, and (2) 
taking into account the temperature of the liquid. Although comparative 
liquid amounts do not differ greatly, values obtained using the liquid 
temperature are about 5 percent higher. In the remainder of this paper, the 
trend for the entire data set is examined. 
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Table I - Statistical Summary of Precipitable Water Vapor 
and Vertical Integrated Liquid Water Recorded at 
San Nicolas Island, 1-19 July 19 87 


Quantity 

Mean 

Std. Dev. 

Coeff . 

L of 

Water Vapor 

1.903 cm 

0*538 cm 

28. 

.84 : 

Liquid Water 

0.077 nuo 

0.108 mm 

114. 

.30 : 



Table II Comparison of Integrated Liquid Water Calculated 
by Statistical Inversion and by Taking Liquid 
Temperature into Account 


Integrated Liquid (mm) 


Date 

Time(UTC) 

Stat. Inversion 

Temp. Dependence 

870703 

0400 

0.051 

0.060 

870709 

1000 

0.319 

0.320 

870714 

1800 

0.201 

0.215 

870715 

1700 

0.217 

0.231 

870715 

2200 

0.060 

0.068 

870717 

1200 

0.487 

0.490 



DAY NUMBER 


Figure la. Hourly averages of precipitable water vapor and 

vertical integrated liquid water measured at San Nicolas 
Island, 1—19 July 1987. 
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NRL TETHERED BALLOON MEASUREMENTS AT SAN NICOLAS ISLAND 
DURING FIRE IPO 1987 


Hermann Gerber ( 1) , Stuart Gathman(l) , Jeffrey James (1) 
Mike Smith(2) , Ian Gonsterdine(2) , Scott Brandeki(3) 


1. Introduction 

This presentation gives an overview of the tethered balloon measurements 
made during the FIRE marine stratocumulus IPO at San Nicolas Island in 1987. 
The instrumentation utilized on the balloon flights, the 17 flights over a 10 
day period, the state of the data analysis, and seme preliminary results are 
described. 

A goal of the measurements with the NRL balloon was to give a unique and 
greatly improved look at the microphysics of the clear and cloud-topped bound- 
ary layer. For this goal, collocated measurements were made of turbulence, 
aerosol, cloud particles, and meteorology. Two new instruments which were 
expected to make significant contributions to this effort were the saturation 
hygrometer (Gerber, 1980), capable of measuring 95% < RH < 105% (with an ac- 
curacy of 0.05% near 100%), and used for the first time in clouds; and the 
forward scatter meter (Gerber, 1987) which gives in situ LWC measurements at 
more than 10 Hz. 

Due to technical problems the tethered balloon was hot functional until 
15 July, near the end of the IPO period. This permits only several days of 
intercanparisons with the measurements collected by other FIRE investigators 
at SNI (Davidson, Pt. Sur; Hanson, Electra; Fairall, wind profiler and pho- 
tometers; Snider, microwave radiometer) . Balloon measurements were made for 
an additional week after the other FIRE investigators had left. Several 
flights were made upwind of SNI by the N0SC aircraft during that week. 

The meteorology during the additional week following 19 July was charac- 
terized by several episodes of fractional Sc cloud cover, which were mostly 
missing earlier in the IPO period. Two such episodes occurred on the morning 
flight of 23 July when the cloud cover was rapidly decreasing, and on the 
morning flight of 24 July when the opposite trend occurred. A study of the 
relationship between turbulence and microphysics for these two fractional- 
cloudy cases would address a goal of FIREs to understand the factors which 
cause the formation and evolution of fractional Sc cloud cover. 


(1) Naval Research Laboratory, Washington, DC 20375-5000 

(2) University of Manchester, Manchester M60 1QD, England 

(3) University of Denver, Denver, CO 80208 
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2 . Experimental Aspects 


The instrumentation 
which was flown on the 
tethered balloon is 
listed in Fig. 1, and 
the method by which it 
was attached to the 
balloon is shewn. Most 
instrumentation was 
mounted on a pallet 
hung 35m below the 
balloon. The 
motion of the pallet 
was not constrained, 
except for being 
pointed into the wind 
with a large wind vane. 
Two flux gate magnetom- 
eters, two inclinom- 
eters, and altimeter 
form a positioning 
system with which an 
orthogonal transforma- 
tion of the velocity 
vector measured by the 
bivane can be made to 
correct for the mqtion 
of the pallet. The 
motion of the pallet 
during flight was well 
behaved. With a high 
degree of persistence, 
the intermittent motion 
of the pallet was per- 
pendicular to the di- 
rection of the wind 
with a period of oscil- 
lation of 11.8 s. 



Fig. 


1 - List and mounting 
tethered balloon. 


locations of instrumentation carried on the 
Arrows indicate data flow. 


Data was 

collected at either 5 

Hz or 1 Hz. Several data channels were in addition telemetered to the surface 
where they were logged at 0.3 Hz. 

The typical flight of the .balloon lasted 3 hrs . , with an initial ascent 
of 0.5 m/s to the free atmosphere above the 

boundary layer, and with a stepwise descent consisting of about 25 min. holds 
at several levels to obtain turbulence statistics. The 17 flights are summa- 
rized in Table 1. 





Table 1. Balloon Flight Date, Time, Duration, and Local Meteorology. 


No. 

Date 

(July) 

Duration 
of Flight 

Cloud 

Cover 

Wind 

Dir. 

Sfc. Wind 
(m/s) 

Inversion 
Ht. (m) 

1 

15 

1511-1707 

10/10 

NW 

7 

640 

2 

16 

0900-1140 

10/10 

W 

2 

760 

3 

16 

1737-1930 

10/10 

W 

2 

- 

4 

17 

1100-1415 

10/10-5/10 (d) 

NW 

9 

1070 

5 

18 

0735-1115 

1/10 

WNW 

2 

670 

6 

18 

1407-1552 

0/10 

NW 

5-7 

400 

7 

19 

0522-0706 

<1/10 

NW 

5-7 

335 

8 

19 

1332-15559 

«1/10 

NW 

2-4 

460 

9 

20 

0817-1013 

6/10-1/10 (d) 

WNW 

5-7 

640 

10 

20 

1803-1945 

0/10 

WNW 

5 

- 

11 

21 

1305-1535 

0/10 

WNW 

<2 

- 

12 

22 

1744-1946 

0/10 

NW 

7 

380 

13 

23 

0952-1225 

8/10-1/10 (d) 

NW 

9 

640 

14 

23 

1518-1648 

0/10 

NW 

9-13 

- 

15 

24 

0756-1101 

6/10-10/10 (i) 

NW 

7-9 (d) 

550 

16 

24 

1723-1945 

1/10-4/10 

NW 

9 

360 

17 

25 

0815-1026 

1/10-5/10 

NW 

7 

400 


(d = decreasing, i = increasing) 


3. Data Reduction and Quality 

This large raw data set has been reduced to a stage where analysis of 
any variables for ary of the flights is practical. Algorithms have been de- 
veloped for use during analysis, and the variables have been stored in sepa- 
rate data files for easy access. The data files are stored in compressed form 
on 1.2 Meg floppy disks which can be ready by IBM PCs of ccnpatibles; copies 
of the disks are available to FIRE investigators. 

Use of the data requires careful attention to its quality, because not 
all instruments operated properly all the times No useful data resulted from 
the ozone meter. For condensing conditions RF interference caused the data 
channels which are both telemetered and logged on the pallet to be noisy on 
the pallet logger. The forward scatter meter waus over ranging on the first 
several flights. During flight 4 where a great deal of drizzle occurred the 
saturation h y grometer failed, and on seme other flights drift in the sensor 
was noticed; however, useful data was collected. Only a limited record was 
obtained with the video camera, the best was for flight 13. The CSASP parti- 
cle spectrometer and other sensors functioned properly throughout. On flight 
2 all data except that telemetered was inadvertently lost. 

4 . Results 

The data analysis is just catmencing so that very few results are pre- 
sently available. Examples of the measurements are shown in Figs. 2 and 3 
which give respectively the 5 Hz data for IWC fretn the forward scatter meter. 



and the RH frcm the saturation hygrometer. Both profiles are for the ascent 
of flight 13 when a fractional cloud cover of Sc was in the process of dissi- 
pating. Figure 2 shows the cloud layer extended from 500m to 650m, and that 
the LWC profile was very different frcm the adiabatic LHC profile. Figure 3, 
as well as the other data, shows 
that RH within the cloudy air ranges 
frcm about 99.5% to 100.2%, and that 
deep layers of subsiding air exist 
in the clouds where RH < 100%. The 
large sub- and supersaturated condi- 
tions suggested by Curry (1986) for 
Arctic stratus were not seen in the 
marine Sc. In Figure 3 the super- 
saturation peak at the top of the 
main cloud at 625m is consistent 
.with radiation- forcing calculations 
of Davies (1985); although, the 
cause of the peak due to a strong 
updraft cannot be ruled out until 
the w field is analyzed. 

5 . Conclusions 

This data set, while unfortun- 
ately only partially simultaneous 



with the bulk of the FIRE stratocum- 
ulus observations, is unique and 
worthwhile in its own right. For 
the first time accurate RH measure- 
ments near 100% have been made in- 
cloud; although, the use of the 
saturation hygrometer reflected a 
learning experience which will re- 
sult in substantially better per- 
formance the next time. These 
measurements were made in conjunc- 
tion with other microphysical s 

measurements such as aerosol and ~ 

cloud droplet spectra, and perhaps « 

most important of all, they were all « 
collocated with bivane turbulence E 

measurements thus permitting flux 
calculations. Thus the analysis of 
this data set which consisted of 
about 50% stratocumulus eases in- 
cluding increasing and decreasing 
partial cloud cover, should lead to 
new insights on the physical mechan- 
isms which drive the boundary- 
layer/cloud/turbulence system. 


Fig. 2 - Liquid water content on the ascent of flight 13 
during Sc dissipation. 



jFig. 3 - Relative humidity profile measured with the 

saturation hygrometer on the ascent of flight 13. 
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Addressing the entrainment mechanism at the top of the clouds should be espe- 
cially amenable with this data set. In addition to the listed authors, inves- 
tigators associated with Fire and located at the following institutions are 
looking at portions of this data: JfcGill University, NASA Goddard, U. of 

Washington, Colorado State University, and CIRES. 
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Estimating Integrated Cloud Liquid Water from 
Extended Time Observations of Solar Irradiance 


C.W. Fairai l and Ra ja El '•Salem Rabadi 
Department of Meteorology 
Pennsylvania State University 
University Park, PA 16802 

and 

J . Snider 
NOAA/ERL/WPL 
325 Broadway 
Boulder, CO 80303 


INTRODUCTION 


Extended time observations (ETQ) were made at San Nicolas Island (SNI) 
from March to October, 1987. A small ground station was installed at the NRL 
trailer <Si te B) . Hourly averages of air temperature, relative humidity, wind 
speed and direction, solar irradiance, and downward longwave irradiance were 
recorded. The radiation sensors were standard Eppiey pyr anometers (shortwave) 
and pyrgeometers (longwave). Data records of SNI rawinsonde launches for this 
period have been requested from the Pacific Missile Test Center (PMTC) . 

This data will be processed in a variety of was to deduce properties of 
the stratocumulus covered marine boundary layer (M8L). From the temperature 
and humidity the lifting condensation level, which is dta estimate of the 
height of the cloud bottom, can be computed. Combinations of shortwave and 
longwave irradiance statistics can be used to estimate fractional cloud cover 
parameters. 

This paper describes an analysis technique used to estimate the 
integrated liquid water content ( W) from the measured solar irradiance. The 
cloud transmittance is computed by dividing the irradiance measured at some 
time by a clear sky value obtained at the same time on a cloudless day. From 
the transmittance and the zenith angle, the cloud LWC is computed using the 
radiative transfer parameter i zat ions of Stephens et al . (1984). The results 
are compared with 17 days of mm-wave (20.6 and 31.65 GHz) radiometer 
measurements made during the FIRE IFO in July of 1987. 

CLOUD RADIATIVE TRANSFER COMPUTATIONS 

Stephens (1978) has developed a simple parameterization of cloud albedo 
(Re), transmittance (Tr), and absorption (Ab) in terms of the cloud optical 
thickness <T) and the zenith angle (9). The parameterization is based on the 
two-stream approximation of Coakley and Chylek (1975). A look-up table of 
values for single scattering albedo (w) and backseat ter fraction (g) is given 
as a function of T and p=cos (9) . The values are based on results of 
sophisticated 10-layer, 15-band radiative transfer computations. The revised 
look-up table (Stephens et al . , 1984) was used for the work presented here. 
Non absorbing (X<0.7 pm) and absorbing (X>0.7 pm) wavelength regions are 
considered. The two-stream model is as follows: 

(i) Non absorbing, w=l 

Re = BT/X/U 4- BT/X) (la) 


PRECEDING PAGE BUkm 




Tr = 1 - Re 


(lb) 


(ii) Absorbing, aKl 

Re = (u 2 - 1 ) leap (Tef ) -exp (-Tef ) 3 /R (2a) 

Tr = 4u/R (2b) 

Ab = 1 - Re - Tr (2c) 

where 

u 2 - (1- u + 2&u>)/(l - tt) (3a) 

Tef = SQRTC ( 1 - a)*(l - <e + 2&u) JT/p (3b) 

R = (u + l) 2 exp (Tef) - (u - l) 2 exp(-Tef) (3c) 

The optical thickness is calculated from the cloud W using a parameterization 
obtained from a number of measured cloud properties. 

log 10 (T) = 0.2633 + 1.7095 1 og.C 1 og , 0 < W) 3 , X<0.7 (4a) 

1 o g i o ( T ) = 0.3492 + 1.6518 1 og.Cl og lo (VI) 3 , X>0.7 (4b) 


Since the Stephens parameterization was developed to apply to some 15 
cloud types, we decided to compare it to a model with microphysics specific to 
the marine str atocumul us , which we shall refer to as the DFBS (Davidson et 
al«, 1984) model. fhe DFBS model is a 15-band, del ta-Eddi ngton radiative 
transfer model that assumes a linear liquid water profile in the cloud with a 
log-radius gaussi an cloud droplet distribution where the mode radius is 
determined from the liquid water assuming a constant number of cloud droplets 
( 100/cc) . Figure 1 shows a comparison of transmi ttances for the two models at 
three different zenith angles for a generic California str at ocumul us with 
cloudtop at 600 m and total water (liquid plus vapor) mixing ratio of 8 g/fcg. 
Optical thickness was varied by varying the cloud thickness from 50 m to 450 
m. The comparison is very good but the Stephens par am? ter i z ati ons (Eqs. 4) 
appear to underestimate the optical thickness at low values of W, which are at 
the lower limit of his fit. Since marine str atocumul us often have low values 
of W, we used the parameterization given below for W< 100 g/m' v 2 (see Fig. 2), 
which is obtained from the DFBS models 

log 10 (T) = -0.35 + 0.91 log 10 (W> (5) 


Using this slightly modified form of the Stephens model, a nomogram can be 
constructed in terms of contours of transmittance versus zenith angle and 
integrated liquid water path (Fig. 3). 


RESULTS 

Using the clear sky irradiance, the cloud transmittance was computed for 
each day from July 1 to July IS for the times 1600 to 0100 GMT. Low incidence 
angles (§.«<. 4 > were not used because of the potential for large errors. For 
the same reason, transmi ttances greater than 0.9 were not considered. For a 
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given value of Tr and p, the value of W was iterated until the Stephens iriodel 
gave the measured transmittance. This computed value of W is compared with 
the values from the NOAA radiometer (Fig, 4). 

The mm-wave radiometer values of W are on average about 507. greater than 
the values estimated from t*he transmittance. The rms scatter is about 357., 

The NOAA radiometer is believed to be accurate to 20% f but a 50% fractional 
bias is not out of the question. Some of the rms scatter is due to 
differences in sampling geometry, since the pyranometer has a hemi spher i cal 
field of view and the radiometer has a narrow field of view. These 
differences in field of view are somewhat moderated by averaging for one hour. 
Another source of error is the use of a single clear sky irradiance for the 
entire 17 day period, which ignores variability in the meteorol ogi cal 
conditions above the mixed-layer. Once these issues are sorted out, we expect 
to use this method to analyze the entire data base, 
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Fig. 1 Comparison of transmittance versus integrated cloud INC at zenith 
angles of 0, 60, and 80 degrees for the Stephens (circles) and DFBS (line) 
models. 


Fig. 2 Optical thickness versus integrated cloud LMC for the Stephens 
parameterization of Eq. 4a (solid line), the DFBS calculations (circles), 
Eq. 5 (dotted line). 

Fig. 3 Contours of transmittance as a function of solar zenith angle and 
integrated cloud LWC from the modified Stephens parameterization. 

Fig. 4 Integrated cloud LUC: the vertical axis is computed from solar 
irradiance versus W from the NQAA radiometer measurements. 
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A STUDY OF MARINE STRATOCUMULUS USING LIDAR 
AND OTHER FIRE AIRCRAFT OBSERVATIONS 


J0rgen B. Jensen and Donald H. Lenschow 
National Center for Atmospheric Research 1 
Boulder, Colorado 80307 


1. BACKGROUND 

In order to understand the distribution and evolution of marine stratocumulus, we 
need to determine how variables such as radiation divergence, surface heat and moisture 
fluxes, wind shear, subsidence, and lapse rate control the dynamical and microphysical 
structure of the clouds through processes such as entrainment and mixing, and in turn, 
how the cloud structure affects these variables. A key to studying entrainment is to be able 
to resolve the structure of the cloud at and near cloud-top. Ideally, we would like to be able 
to resolve both the motion field as well as some tracer that allows us to distinguish well- 
mixed boundary-layer air from that originating in the free atmosphere and entrained into 
the boundary layer. At the top of the stratiform-capped boundary layer, the cloud itself 
can be a tracer of boundary-layer air. Entrained parcels, or regions of mixed boundary- 
layer and free air are clear. The NCAR Airborne Infrared Lidar (NAILS, Schwiesow, 1987) 
is a tool for distinguishing the interface between the clear and cloudy parcels. 

Some progress has already been made in studying the characteristics of the en- 
trainment region of marine stratocumulus. Jensen and Lenschow (1978), for example, 
investigated the sizes of turbulent eddies at the top of a cloud-capped mixed layer using 
data from an aircraft flight leg at cloud-top. They found two peaks in the vertical ve- 
locity spectrum at cloud- top — one with a wavelength of about 1.5 times the depth of the 
mixed layer, and the other with a wavelength of 200 to 300 m that likely was associated 
with entrainment and mixing near cloud-top. Mahrt and Paumier (1982) looked in more 
detail at the entrainment process at cloud top for the same experiment, and estimated a 
scale of 100 to 200 m for the eddies involved in cloud-top entrainment. These results have 
been confirmed in subsequent observational studies by Caughey and Kitchen (1984) for 
nocturnal stratocumulus over land using tethered balloon observations. 

A theoretical analysis of the preferred wavelengths and frequencies of vertical veloc- 
ity fluctuations in the inversion layer capping a clear-air mixed layer and the interactions 
of waves and turbulence at the top of the mixed layer has been carried out by Carruthers 
and Hunt (1985 and 1986), and related numerical simulations are reported by Carruthers 
and Moeng (1987). Again, these analyses suggest vertical velocity wavelengths of a few 
hundred meters in the vicinity of the mixed-layer top. From the standpoint that clouds 
offer a visible tracer of the interface between the free atmosphere and the boundary layer, 
the cloud-capped boundary layer has an advantage over a clear boundary layer. [We note, 
however, that occasionally a thin cloud-free layer has been observed just below the capping 
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inversion (e.g. Rogers and Telford, 1986). This situation, although possibly not common, 
warrants further study to see if differences in cloud-top structure are also detectable with 
NAILS; we recall, on the basis of our inflight observations, that one or more cases of this 
situation exist in the FIRE data set.] 

Thus far, most of the observational evidence for studies of the eddy size and struc- 
ture in the vicinity of cloud top has come from direct measurements of vertical velocity, 
temperature and cloud droplet size distributions. Recently, however, Boers and Spinhirne 
(1987) have reported lidar observations of cloud top which illustrate some of the poten- 
tial that this technique has to offer. They show, for example, a frequency distribution 
and spectrum of cloud-top height for a marine stratocumulus case, and indicate that in 
situ measurements in cloud were obtained concurrently on a second airplane; the in situ 
observations are discussed in Boers and Betts (1988). 

In addition to investigations in the vicinity of cloud top, the NAILS was also pointed 
up at cloud base while flying below the stratocumulus. In this way, it is possible to look 
at cloud-base structure to see how it correlates with measurements in the lower boundary 
layer. A couple of interesting and important questions that can be addressed are: is the 
scale of cloud organization seen in cloud-base height detectable in variables measured at 
aircraft height? How well can the lidar detect multiple cloud layers which, as discussed 
by Nicholls (1984) and Hanson et al. (1988), are indicative of decoupling of the main 
cloud layer from the boundary layer, and if detected, can they also be related to variables 
measured at aircraft height? As Nicholls (1984) points out, this decoupling can make a sig- 
nificant difference in the subsequent evolution of the cloud cover, and therefore significantly 
affect the radiation budget of the cloud-capped mixed layer. 

2. NAILS 

The NCAR airborne infrared lidar system (NAILS) used in the 1987 FIRE exper- 
iment off the coast of California is a 10.6 /zm wavelength CO 2 lidar system constructed 
by Ron Schwiesow and co-workers at NCAR/RAF. The lidar is particularly well suited for 
detailed observations of cloud shape; i.e. height of cloud top (when flying above cloud and 
looking down) and cloud base (when flying below cloud and looking up) along the flight 
path. Schwiesow et al. (1988) have presented some examples of NAILS lidar data from 
FIRE. 

A detailed discussion of the lidar design characteristics is given by Schwiesow (1987), 
and only a brief summary is listed here (Table 1). The lidar height resolution of ± 3 
m allows for the distance between the aircraft and cloud edge to be determined with 
this accuracy; however, the duration of the emitted pulse is approximately 3 /is, which 
corresponds to a 500 m pulse length. Therefore, variations in backscatter intensities within 
the clouds can normally not be resolved. Hence the main parameter obtainable from the 
lidar is distance to cloud; in some cases we may also be able to determine the cloud depth. 

During FIRE the lidar was operational on 7 of the 10 Electra flights, and data were 
taken when the distance between cloud and aircraft (minimum range) was at least 500 m. 
The lidar was usually operated at 8 Hz, which at a flight speed of 100 ms -1 translates 
into a horizontal resolution of about 12 m. 
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TABLE 1 

NAILS Lidar Characteristics (modified from Schwiesow, 1987) 


Operating wavelength 
Beam width 

Lidar return sampling rate 
Height resolution 
Track resolution (variable*) 
Design backscatter coefficient 
Maximum range from aerosols 
Maximum range from cloud 
Minimum range (dead zone) 
Signal channels (polarization) 


10.6 fim 

16 xlO -5 radians 
100 MHz 
±3m 
~ 10 m 

5 x 10- # (m" 1 sr- 1 ) 
2 km 
5 km 
500 m 
2 


'Depending upon pulse frequency and flight speed. 


The backscatter as function of time (equivalent to distance) for each laser pulse 
is stored in digital form on magnetic tape. Currently, three independent variables are 
available to the investigators on the FIRE Electra data tapes: lidar range to cloud, strength 
of return (relative power) and pulse width of return, which is related to penetration depth. 

The values of these variables should currently be interpreted^with some caution. In 
the future we hope (i) to test the detection algorithm in order to insure that the actual 
cloud edge is detected, (ii) to determine under what circumstances the lidar is able to 
detect the heights of both cloud base and cloud top, and (iii) to correct the data for pitch 
and roll errors. 

3. EXAMPLES OF NAILS DATA 

The following example illustrates only one of many ways the lidar can be used in 
conjunction with other sensors in order to study stratocumulus clouds. Schwiesow et al. 
(1988) present time series of lidar-derived cloud top height and radiation temperature at 
cloud top from the Barnes PRT-5 sensor. Fig. 1 shows the cloud top height, z c , measured 
by the Electra from 211100 to 211400 PDT on June 30, 1987. The lidar shows numerous 
variations in the cloud top height on scales of hundreds of meters. In the following we 
will examine the association between the variation of cloud top height and cloud top 
temperature. 

In Fig. 1 we have selected a segment of the cloud top for calculating a reference 
value of entropy. If we assume a moist adiabatic temperature gradient in the cloud, then we 
can calculate the temperature of the cloud surface based on the lidar measured cloud top 
height. This lidar-derived cloud top temperature, Tj, can then be compared with the PRT- 
5 temperature, T r ; see Fig 1, center panel. Differences between these two, AT = T r — Tj, 
are shown in the bottom panel of Fig. 1 and they can be due to several effects: 
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Fig. 1. Top panel: Lidar-derived cloud top height (z c ) averaged to 1 a -1 . Middle 
panel: PRT-5 radiation temperature (T r , bold line) and lidar-derived cloud top temper- 
ature (Tj, thin line). See text for explanation of arrows. Bottom panel: Temperature 
difference, AT = T r — Tj. The thin line shows AT = 0. The distance between tick 
marks on the abcissa is « 1 km. 


(1) Radiative cooling and the subsequent formation of cold pools may lead to a pattern 
in which local depressions in the cloud top surface have predominantly negative 

AT. 

(2) Entrainment and the ensuing evaporative cooling may likewise lead to local depres- 
sions in the cloud top surface with negative AT. 

(3) It is not clear to what extent the lidar-derived cloud edge coincides with the region 
which dominated the PRT-5 signal. If the cloud is very thin, then the PRT-5 
temperature may include contributions from a substantial cloud depth, whereas the 
lidar may detect the actual cloud edge. This would lead to regions of positive AT. 

(4) The approximation of moist adiabatic temperature gradient may not be valid for 
the cloud. 

An examination of Fig. 1 does not result in obvious correlations between z c and AT; 
hence without further investigation we can not conclude that “domes” contain warm air, 
whereas depressions between them contain cooled air. Examples of “thin” cloud appear 
likely in at least four segments, as indicated by the arrows in Fig. 1. 
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1. Introduction 

A multiwavelength scanning radiometer has been developed for measuring 
the angular distribution of scattered radiation deep within a cloud layer (King 
et al., 1986). The purpose of this instrument is to provide measurements 
from which the similarity parameter of clouds can be derived as a function of 
wavelength, where the similarity parameter is a function of cloud single scat- 
tering albedo and asymmetry factor. The cloud absorption radiometer flew on 
the University of Washington's Convair-131A aircraft during the marine 
stratocumulus intensive field observation component of the First ISCCP 
Regional Experiment (FIRE), conducted off the coast of San Diego, California 
during July 1987, The instrument was flown as one of a group of instruments 
that included upward and downward looking pyranometers, cloud micro- 
physics probes for measuring the cloud particle size distribution and liquid 
water content, and an air batch sampler for measuring the cloud interstitial 
aerosol size distribution (Radke, 1983). 

The cloud absorption radiometer has been built, flight tested and flown on 
the University of Washington C-131A aircraft during 8 flights of the marine 
stratocumulus intensive field observation phase of FIRE. We have thus far 
concentrated our attention on aspects of three of these flights, two of which 
were flown in coordination with the UK Meteorological Research Flight C- 
130 aircraft and one in coordination with the NASA ER-2 aircraft. The C-130 
contained a 16 channel, fixed-angle, multispectral cloud radiometer, with 8 
channels in the visible and near-infrared region and 8 channels in the ther- 
mal infrared (Foot, 1988), while the ER-2 contained a 7 channel scanning ra- 
diometer for the purpose of deriving the cloud optical thickness, effective 
particle radius, and cloud top altitude (Curran etai, 1981; King, 1987). 
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In this paper, we briefly review the diffusion domain method for deriving the 
cloud similarity parameter and present preliminary analyses of the results 
thus far obtained. Our presentation will concentrate on the following points: 

(1) Intercomparison of calibrated reflected intensities between the cloud ab- 
sorption radiometer and the UK multispectral cloud radiometer, 

(2) Quality control tests required to select those portions of an aircraft flight 
for which measurements are obtained within the diffusion domain, 

(3) Case studies of the spectral similarity parameter of marine stratocumulus 
clouds, 

(4) Comparisons of the experimentally-derived similarity parameter spec- 
trum with that expected theoretically from the cloud droplet size 
distribution obtained from in situ observations. 

2. Calibration 

The Goddard Space Flight Center multispectral cloud radiometer (MCR) and 
cloud absorption radiometer (CAR) were calibrated using a laboratory calibra- 
tion facility consisting of a 6 ft integrating sphere and a 4 ft integrating hemi- 
sphere. The absolute calibrations of the integrating sphere and hemisphere 
are determined aJ>out once every 6 months by a calibration branch at Goddard 
and somewhat less frequently by an outside laboratory (Optronic Laborato- 
ries). After considerable examination of the experimental data from these 
two instruments and the absolute lamp intensities from both laboratories, we 
were able to determine our best estimate of the absolute calibration coeffi- 
cients for both instruments at their respective wavelengths (13 for the CAR 
and 6 near-infrared channels for the MCR). Thus the first quantitative exam- 
ination of the radiation data from the FIRE flights centered on comparing the 
absolute reflected intensities of the CAR and the UK multispectral cloud ra- 
diometer during three simultaneous wing-tip intercomparisons during two 
flights. 

Figs. 1-3 illustrate the nadir reflected intensities as measured by the UK 
multispectral cloud radiometer and the GSFC cloud absorption radiometer on 
each of these intercomparison flights. Since the gains of the CAR were ad- 
justed for internal cloud radiation measurements, some of the filter wheel 
channels (channels 8-13, 1.55 £ X £ 2.29 pm) were saturated. By careful exam- 
ination of these figures, especially Fig. 2, one can see the spectral reflection 
signature of the clouds quite clearly. The C-130 radiometer has channels in a 
couple of water vapor bands (1.33 and 1.85 pm), whereas the Goddard CAR 
has all channels in waver vapor window regions. Thus, in combination, the 
entire reflected spectrum of these clouds is quite apparent, 



5 JULY 1987 (1537-1539 GMT) 



WAVELENGTH (pm) 

Fig. 1, Intercomparison of the nadir reflected intensity of marine stratocumulus clouds as 
measured by the UK multispectral cloud radiometer and the GSFC cloud absorption radiometer 
on 5 July 1987 (1544-1546 GMT). 


5 JULY 1987 (1544-1546 GMT) 



Fig. 2. As in Fig. 1 except for 1544-1546 GMT. 





13 JULY 1987 (1955-1959 GMT) 



Fig. 3. As in Fig. 1 except for 13 July 1987 (1955-1959 GMT). 


The longest intarcomparison occurred on 13 July 1987, for which the C-130 
and C-131A flew wing-tip to wing-tip for 3.41 min (16.4 km). Fig. 4 illustrates 
the zenith (skylight) and nadir (reflected) intensities as a function of time for 
channel 2 (X = 0.67 pm), where the dashed curve corresponds to the reflected 
intensity that was averaged and presented in Fig. 3. Since the solar zenith an- 
gle was 10.2° at the time of these measurements, the zenith intensity mea- 
surement was influenced by the solar aureole and was often saturated. 

3. Diffusion domain measurements 

On 10 July 1987 the C-130 flew a tightly coordinated mission with the ER-2 
aircraft, consisting of continually flying legs of 130 km in length. The C-130 
was primarily making cloud radiation and cloud microphysics measurements 
deep within the clouds. The determination of the cloud similarity parameter, 
defined as s = [(1 - coo)/(l - (Dog)] 1 / 2 , where g is the asymmetry factor and coo 
the single scattering albedo, is based on making measurements of the ratio of 
the nadir to zenith intensity within the diffusion domain of a cloud. We 
have developed a comprehensive set of tests to which the CAR data are sub- 
jected in order to identify those portions of the flight for which measure- 
ments were obtained within the diffusion domain. On this particular day, 
our tests showed that a staggering 5380 scans (53.8 min, 266 km) met these cri- 
teria. 




KNITH f*0 NADIR INTENSITIES FOR FLIGHT 1303 f*0 CHMEL 2 



Fig. 4. Zenith and nadir intensities as measured by the cloud absorption radiometer for the 
wing-tip intercomparisons presented in Fig. 3. The solid curve represents the zenith (downward 
propagating) intensity and the dashed curve the nadir (reflected) intensity from the marine 
stratocumulus clouds. The abscissa is the CAR scan number (100 scans min'l) and thus the time 
scale runs for 341 scans (3.41 min, 16.8 km). 

Although we have not yet quantitatively analyzed these data to derive the 
similarity parameter spectrum, the time series of the zenith and nadir inten- 
sities for 1000 scan lines (10 min) of data, illustrated in Fig. 5 for X = 0.67 pm, 
show that the zenith and nadir intensity field was quite uniform within these 
clouds. The method of analysis, described in detail by King (1981) and sum- 
marized by King et al. (1986), will be applied to these data and discussed in de- 
tail at the meeting. 
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Fig. 5. As in Fig. 4 except for measurements within the diffusion domain of optically thick 

clouds as measured by the cloud absorption radiometer on 10 July 1987. The abscissa is the CAR 

scan number and runs for 1000 scans (49.4 km). 
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1, Introduction 

There are several studies on the simultaneous determination of cloud optical 
thickness and mean droplet size as derived from multispectral radiometers 
(Twomey and Cocks, 1982; Curran and Wu, 1982; Arking and Childs, 1985). 
These studies are very important to elucidate the cloud microphysical struc- 
ture. As pointed out by many investigators (e. g. Rossow et al., 1985; Wu, 
1985), however, many factors bother the successful retrieval when we apply 
these methods to real data. Therefore, many ground truth experiments are 
required in order to test the validity of these methods. Here, we have ana- 
lyzed the data taken in the marine stratocumulus intensive field observation 
component of the First ISCCP Regional Experiment (FIRE), conducted off the 
California coast in July, 1987 using the Multispectral Cloud Radiometer 
(MCR). 

The MCR has six near-infrared channels and one 10.7 pm-channel (Curran et 
al., 1981). The first channel (X = 0.754 pm) has proven to be very useful for 
estimating the cloud optical thickness (King, 1987). AddiAg the additional 
two wavelengths ( X = 1.645, 2.160 pm), we are able to estimate the mean 
droplet size (Curran and Wu, 1982). Arking and Childs (1985) also studied a 
similar problem using the 0.73 and 3.7 pm channels of the NOAA/ AVHRR. 
In spite of these pioneering works, there seem to be insufficient systematic 
studies of the efficiency of the algorithms. For this purpose, we have per- 
formed numerous simulations of the reflected radiation from clouds using 
an improved radiation calculation algorithm (Nakajima and Tanaka, 1988). 
Results of the simulation and an application of our algorithm to the MCR 
data are presented in Sections 2 and 3, respectively. 

2. Retrieval algorithm 

For the purpose of analyzing the three MCR near-infrared channels outside 
water vapor and oxygen absorption bands (X= 0.754, 1.645 and 2.160 pm), we 
investigated the characteristics of the numerically simulated bidirectional re- 
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flectivity of plane-parallel earth-cloud systems. The variables" we examined 
were the optical thickness (x) and the mode radius of cloud droplets (r m ), de- 
fined by the following log-normal cross-section spectrum: 

= C Q expj-(lnr — lnr m ) 2 / (2a 2 )j, (1) 

where C is the geometric cross section of droplets; r is the particle radius; o is 
the log-dispersion of the spectrum. Investigating the first and second mo- 
ments of several model size spectra of cloud droplets, it is found that a can be 
fixed at 0.35 for most problems even including aerosol polydispersions. The 
following points are clarified as a results of the numerical simulation: 

(1) As a first approximation, the cloud optical thickness x at X- 0.754 pm can 
be determined from the reflected radiation at this wavelength. The re- 
trieval is stable, because the cloud reflectivity increases monotonically 
with increasing optical thickness and the dependence on the droplet size 
is relatively small. 

(2) Using the cloud optical thickness determined in step (1), the cloud droplet 
mode radius r m is estimated from an absorbing channel, i.e., 1.645 or 2.160 
pm radiation. The optical thickness dependence is small as absorption 
increases. 

(3) Iterating steps (1) and (2) or investigating these steps for several pre-as- 
sumed particle radii, we can have an optimum set of x and r m . We have 
developed two methods for the simultaneous retrieval of cloud optical 
thickness and mode radius, a bispectral method and a multispectral 
method. The bispectral method uses the two channels of 0.754 and 2.160 
pm. This method is hardly affected by the vertical inhomogeneity of the 
cloud microphysics, but tends to be marred by noise in the absorbing 
channel. Also, this method can have multiple-solutions of r m , as 
demonstrated in Fig. 1. For simplicity we show in Fig. 1 a mode radius 
dependence of the cloud spherical albedo at X = 2.16 pm for x = 8, 16 and 
32. Figure 1 shows that the profiles are a peaked function of mode radius 
with a peak around r m = 2-3 pm. Thus, for example, a measured re- 
flectance at 2.16 pm, given an optical thickness derived from the 0.754 pm 
channel, could be produced by one of two possible mode radii. Therefore, 
it is very important to set a suitable minimum droplet radius for the 
algorithm. On the other hand, the multispectral method uses all three 
channels. The optimum value of r m is determined in this method so as to 
minimize the following root mean square deviation between the ob- 
served and theoretical values: 




where n = 2 stands for the second channel (1.645 pm) and n = 3 for the 
third channel (2.160 pm); superscripts c and m stand for theoretical 
(computed) and measured values, respectively. In the above equation, x 
is determined from the first channel (0.754 pm), as in the bispectral 
method. This method is relatively insensitive to noise in any individual 
channel and we can have a unique solution for r m , potentially different 
from the bispectral method. But this method fails in some case of vertical 
inhomogeneity. We have adopted both methods for the sake of diagnos- 
ing the soundness of the retrieval. 

(4) The error involved in the retrieval increases in the backward portion of 
the scattering. The error in r m increases with decreasing r m ; the errors in 
x and r m increase in the region x < 6 or x > 100. 



Fig. 1. Spherical albedo of a plane-parallel cloud versus the droplet mode radius at X- 2.16 
pm. 

3. Analysis of MCR-data 

Since the MCR can produce a 2-D image of the upwelling radiation, we tried 
to develop a retrieval scheme computationally very efficient. We have 
generated four tables of bidirectional reflectivity for the scaled cloud optical 




thickness x* « (1 -g)x = 0.4, 0.8, 1.2 and «>, where g is the cloud asymmetry fac- 
tor. Using asymptotic theory for x* 5: 1.8 (King, 1987) and computations for x* 
< 1.8, we can interpolate the bidirectional reflectivity with errors less than 2%. 
Since our intention is to derive effective parameters to describe the radiative 
characteristics of clouds, we assume homogeneous and plane-parallel stratifi- 
cation for the analysis. According to numerical simulations, x can be esti- 
mated with an error less than 20% and r m can be estimated at the effective 
depth of radiation unless the optical thickness and particle radius are too 
small. 

Figure 2 shows contours of the cloud optical thickness derived for the first 
half of the fourth ER-2-flight line of July 10, 1987 (about 1000 scan lines, 60 
km), A photographic print of the original data for this example shows that a 
band of x-15 was the edge of a large flat cloud deck spreading ahead of the 
flight course. The optical thickness varied from 5 to 20 around this edge. 

Figure 3 shows the horizontal distributions of x and r m along a constant pixel 
line (solid lines for pixel number 84 and dotted lines for pixel number 252, 
where the total number of profiles in an active scan is typically 336). 
Although r m showed a small monotonic decrease from left to right, the value 
was remarkably constant with values around 15 pm, in spite of the large 
change of x from 5 to 15 around the horizontal distance of 30 km (solid line) 
and large hole around 40-50 km (dotted line). Although we showed the 
value of r m derived by the multispectral method, there was no large difference 
from the bispectfal method except for small optical thickness < 6. For small 
optical thickness, however, there were some cases when the algorithm 
selected the smaller branch of the solution depending on the viewing 
direction, as shown by several steep dips of the mean radius. Since we had a 
large difference between the results of the multispectral and bispectral 
methods in this case, there may be large uncertainties in the retrieved value 
of r m around these dips (as expected by item (4) in the preceding section). We 
show the minimized x 2 -value in the multispectral method in the uppermost 
section of Fig.3. The rms-difference between the measured and theoretical 
values was less than 5%. 

4. Concluding remarks 

We have installed an efficient retrieval scheme for deriving the cloud optical 
thickness and droplet mode radius; and we have described the behavior of the 
retrieval error. Generally the scheme can retrieve the optical thickness and 
mode radius adequately unless they are too small; the use of the forward scat- 
tering region is more sound than the use of the backscattering portion. 




Fig. 2. Cloud optical thickness distribution for the fourth flight line of July 10, 1987. 
Horizontal and vertical axes are for scan-line and pixel numbers. Bold solid and dotted lines 
shows the sampling lines for Fig. 3. 



Fig. 3. Cloud optical thickness (x), droplet mode radius retrieved by the multispcctral 
method (r m ), and x along the bold solid and dotted lines in Fig. 2. 




Applying our method to real data, we have derived the two-dimensional dis- 
tribution of optical thickness and mode radius for a portion of one of the FIRE 
marine stratocumulus missions. In this case study, the droplet size showed a 
more uniform distribution than optical thickness with some correlation be- 
tween large droplet size and small optical thickness. Although we can find 
microphysical reasons for these tendencies, we are suspecting that the re- 
motely sensed droplet size may be overestimated. As a future problem, we 
will compare our results with in situ data of the droplet size distribution. 
Also it will be very important to check several reasons why the droplet radius 
might be overestimated, e.g., soot contamination, effect of escaping photons 
from the lateral sides of broken clouds, and so on. 
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Aircraft Measurements of the Mean and Turbulent 
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The mean and turbulent structure of marine stratocumulus clouds is 
defined from data that were collected from 10 flights made with the NCAR 
Elec tra during FIRE. The number of cases sampled is sufficiently large that 
we can compare the boundary layer structure obtained a) for solid and broken 
cloud conditions, b) for light and strong surface wind conditions, c) for 
different sea- surface temperatures and d) on day and night flights. We will 
describe the cloud and synoptic conditions present at the time of the Electra 
flights and show how those flights were coordinated with the operations of 
other aircraft and with satellite overpasses. Mean thermodynamic and wind 
profiles and the heat, moisture, and momentum fluxes obtained from data 
collected during these flights will be compared. Variations in the cloud- top 
structure will be quantified using L1DAR data collected during several of the 
Electra flights. The spatial structure of cloud- top height and the cloud- 
base height will be compared with the turbulent structure in the boundary 
layer as defined by spectra and cospectra of the wind, temperature and 
moisture . 
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The temporal evolution of the structure of the marine boundary layer and 
of the associated low-level clouds observed in the vicinity of San Nicolas 
Island (SNI) is defined from data collected during the FIRE Marine 
Stratocumulus IFO (July 1-19) . Surface, radiosonde, and- remote -sensing 
measurements are used for this analysis. Soundings from the Island and from 
the ship Point Sur , which was located approximately 100 km northwest of SNI , 
are used to define variations in the thermodynamic structure of the lower- 
troposphere on time scales of 12 hours and longer. Time-height sections of 
potential temperature and equivalent potential temperature clearly define 
large-scale variations in the height and the strength of the inversion and 
periods where the conditions for cloud- top entrainment instability (CTEI) are 
met. Well-defined variations in the height and the strength of the inversion 
were associated with a Catalina Eddy that was present at various times during 
the experiment and with the passage of the remnants of a tropical cyclone on 
July 18 (Fig. 1). The large-scale variations in the mean thermodynamic 
structure at SNI correlate well with those observed from the Point Sur. 

Cloud characteristics are defined for 19 days of the experiment using 
data from a microwave radiometer, a cloud ceilometer , a sodar, and longwave 
and shortwave radiometers. The depth of the cloud layer is estimated by 
defining inversion heights from the sodar reflectivity and cloud-base heights 
from a laser ceilometer. The integrated liquid water obtained from NOAA's 
microwave radiometer is compared with the adiabatic liquid water content that 
is calculated by lifting a parcel adiabatically from cloud base. In 
addition, the cloud structure is characterized by the variability in cloud- 
base height and in the integrated liquid water. The laser ceilometer is used 
to estimate the relative fraction of clear and cloudy periods during the 
experiment. Mean and variances of the solar and longwave fluxes are computed 
from pyranometer and pyrgeometer measurements. 



The time -height sections of equivalent potential temperature are used to 
identify times during the experiment when conditions for CTEI exist for a day 
or longer. Our initial analysis shows that CTEI conditions are met over SNI 
from July 1-4 and over both SNI and the Point Sur July 10-13. From July 6-9 
and from July 13-16 the the conditions at the inversion are very unfavorable 
for CTEI. The cloud characteristics for these different periods will be 
studied in detail to evaluate the effects of CTEI on cloud structure. 


( units :°C/ km ) 



Figure 1. Time height section of Miscalculated from CLASS soundings made 
from San Nicolas Island during FIRE. 



Thermodynamic structure of the stratocumulus-capped boundary layer 

on 5 July, 1987 


Philip H. Austin 1 . Reinout Boers 2 , and Alan K Betts 3 

1 Code 613 and 2 Code 617 

Nasa Goddard Space Flight Center 
Green belt, MD 20771 

and 

3 RD2, Box 3300, Middlebury, VT 05753 


The NCAR Electra flew a single aircraft mission on July 5 in comparatively uniform 
stratocumulus cloud (80 - 100% cloud coverage). The flight pattern, a series of north-south 
doglegs centered at (32N, -122W), included 15 full or partial soundings to examine layer vertical 
structure between altitudes of 150 and 5000 m. 

In contrast to the July 7 case study (see Boers et al., this conference), the air below the 
inversion was well-mixed in moist static energy, total water, and ozone. The inversion base 
measured by the aircraft ranged from 920 to 938 hPa, while the thickness of the cloud layer varied 
between 30 and 10 hPa. Maximum cloud liquid water contents approached 0.3 g kg* 1 (as 
measured by the Johnson-Williams and King probes.). Comparison of soundings made in the 
same location show a strengthening of the inversion and increasing shear at cloud top over the 
observation period (16:50 - 00:22 UT). Typical windspeeds below the inversion were » 10 m s* 1 , 
decreasing to 6 m s* 1 8 hPa above cloud top. 

A thermodynamic budget for this case is in preparation; it will provide a comparison and 
contrast with the more complicated July 7 case. 
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1. Introduction 


setting dh m jdz = 0, which leads directly to 


This paper summarizes our analysis of the 
8 July 1987 (Julian Day 189) tethered balloon 
flight from San Nicolas Island. The flight com- 
menced at about 14:30 UTC (7:30 Pacific Day- 
light Time) and lasted six and one-half hours. 
The position of the CSU instrument package 
as a function of time is shown in Fig. 1. For 
the purpose of presentation of results we have 
divided the flight into the 13 legs indicated in 
Fig. 1. These legs consist of 20 minute constant 
level runs, with the exception of leg 1, which is 
a sounding from the surface to just above 930 
mb. The laser ceilometer fSchubert et al., 1987) 
record of cloud base is also shown in Fig. 1. 
The cloud base averaged around 970 mb during 
much of the flight but was more variable near 
the end. 

Before the tethered balloon flight commenced, 
a CLASS sounding (Schubert et al., 1987) was 
released at 12:11 UTC (5:11 PDT). Tempera- 
ture and moisture data below 927 mb for this 
sounding is shown in Figure 2. The sounding in- 
dicates a cloud top around 955 mb at this time. 


2. Some Basic Theory 

In order to interpret the tethered balloon 

data, some basic theory is required. Define the 

saturation moist static energy as h * = c p T + 
gz + Lq“, where q* is the saturation mixing ra- 

tio. The moist adiabatic lapse rate is derived by 


dT a L dq * 

dz c p c p dz ' 


( 2 . 1 ) 


Since q m is a function of T and p, we have 


d£ = (d£\ dT (df\ dp 

dz \dT ) p dz \ dp ) j dz' 


( 2 . 2 ) 


Using the hydrostatic approximation, this can 
be written 


L_d£_ dT g Lq * 
c p dz ~ y dz + R CpT' 


(2.3) 


where 


(2.4) 


Eliminating between (2.1) and (2.3) we ob- 
tain the moist adiabatic lapse rate 


dT = g_ 
dz c p 



(2.5) 


Since the dry adiabatic lapse rate is g/c p , the 
last factor in (2.5) gives the ratio of the moist 
and dry adiabatic lapse rates. Using g = 9.80 
m s' 2 * * * , c p = 1004.5 J kg' 1 K _1 , L = 2.47 x 10 6 
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J kg- 1 , R = 287 J kg " 1 K-\ q’ = 9.5 g kg" 1 , 

T = 285.65 K and 7 = 1.34, we obtain 

dT j 0.00536/fm -1 in cloud layer, 

dz \ 0.00976A’m -1 in sub cloud layer, 

( 2 . 6 ) 

or 

dT j O.Q448A'mb -1 in cloud layer, 

dp | 0.0816A'mb _1 in subcloud layer. 

(2.7) 

Eliminating dT/dz between (2.1) and (2.3), 
and assuming that the total water q*+l is mixed 
in the cloud layer we obtain 

l = = l(T^) ss0 001798ks " m ' 1 

( 2 . 8 ) 

If the liquid water mixing ratio £ is a linear 
function of height in the cloud layer, then 


the balloon to reach cloud base would explain 
the difference between the apparent lapse rate 
and the dry adiabatic lapse rate. Another (per- 
haps more likely) explanation is that there was 
evaporative cooling in the sub cloud layer due to 
drizzle, which was quite noticable at the surface 
at 17:30 UTC but was probably also present at 
earlier times. 

A measurement of path-integrated liquid wa- 
ter (i.e. the numerator in ( 2 . 10 )) was made by 
a microwave radiometer (Snider, 1988; Hogg et 
al., 1983). The data for 8 July is shown in Fig. 
4. Using (2.8) and (2.10) the path integrated 
liquid water can be converted to cloud depth 
with 0.05, 0.10, 0.15, 0.20, 0.25 mm of liquid 
corresponding to cloud depths of 214, 303, 370, 
428, 478 m respectively. Since the spike at 17:30 
UTC in Fig. 4 would correspond to a cloud 
thickness of over 500 m, the transformation of 
path-integrated liquid water to cloud thickness 
is probably not valid at this particular time. In- 
deed, at 17:30 UTC drizzle was reported at the 
ground, which indicates there was probably con- 
siderable liquid in the subcloud layer. 


J tpdz = Jz^S ZB ~ ZC ^ 2 ' 3 * * * * * 9 ) 

*c 

where (zb — zc) is the depth of the cloud. Solv- 
ing for (zb - zc) we obtain 



3. Thermodynamic Data 

Figure 3 shows profiles of dry bulb and wet 

bulb temperatures taken on leg 1 of Figure 1 . 
Note that the brief constant level section of 

leg 1 at 935 mb was partially in and partially 

out of cloud; this leads to the large variance 

in temperature at 935 mb in Figure 3. The 

laser ceilometer reported a cloud base of 970 
mb during the sounding, and this is indicated 
in Figured by the kink between the dry and the 
moist adiabatic lapse rates. The fact that the 
wet bulb temperature increases with height just 
above cloud top indicates that the cloud layer 
is stable for evaporative instability processes. 
An interesting feature of Figure 3 is that the 
subcloud layer lapse rate is less than dry adi- 
abatic, which is inconsistent with mixed layer 
theory, the value found from Figure 3 is about 
7K/100m. If the boundary layer were warming 
at a rate of 1.8 K/hour, the time required for 


4. Cloud Physics Data 

a. instrumentation 

Cloud droplet sizes and concentrations were 
measured with a PMS Forward Scattering Spec- 
trometer Probe (FSSP) mounted on the front of 
the instrument platform. The FSSP operated 
in the diameter range between 2 and 47 pm. 
However, due to a problem in the data collec- 
tion equipment, the values from two adjacent 
bins were stored in one bin, resulting in seven 
channels which are six microns in width and one 
channel 3 microns in width (44 - 47 pm). The 
values collected from the probe were from five 
second samples. 

b. data reduction 

Rom the raw FSSP data, liquid water con- 
tent (LWC), mean droplet diameter ( d m ) and 
number density (N) were calculated for each leg 
of the flight. The FSSP counts particles which 
sweep through a variable sampling area, whiph 
is based on the number of the total counts ac- 
cepted by the velocity averaging circuitry in the 
instrument. The effective sampling area is 

A e — A x AC -f TC , 

where A is the measured sampling area (2.8 x 
10 - 7 m 2 ), AC the total accepted counts, and 
TC the total counts (accepted + rejected). The 
sampling volume is 

V = A e v6t, 
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where v is the true airspeed and St the sampling 
interval (5 seconds). Thus, the concentration of 
particles in one channel is 



where Cj is the number of droplets counted in 

the j th channel and the total number density is 
the summation of the particle concentrations in 
each channel, 

15 

N ~ X>r 

3=1 

The average droplet diameter in each of the 
channels is 

f (6 j - 1) for 1 < j < 7 
J ( 45.5 for j — 8 

where dj is expressed in microns. The mean 
diameter of the particles was computed from 

1 15 

dm = 52 n jdj 

3=1 

and the liquid water content was calculated 
from 

6 U 

where pi is the density of water, 
c. results 

Figures 5-7 present the liquid water content, 
the mean radius and the total number density 
respectively, which were measured during leg 5 
of the balloon flight. This leg measured the mi- 
crophysical properties near the top of the cloud 
at a level of 928.8 mb. At the start of the leg, 
it appears the instruments are above the cloud, 
but at 17:03 UTC the rapid increases in LWC 
and number density indicate the package has 
entered the cloud. The time series of the num- 
ber density indicates the number density is 11 
particles-cm -3 in this part of the cloud. The 
average concentration remains fairly constant 
during the leg, although there are large peaks 
at 17:13 UTC and 17:24 UTC which are over 
two times the average value. These peaks prob- 
ably indicate problems with the data collection 
system. 


The liquid water content near cloud top av- 
erages near 0.08 g-m -3 , although there is some 
variability in the data. The measured liquid wa- 
ter content at this level is much lower than the 
values observed lower in the cloud, and it is sug- 
gested that the entrainment of the dry air above 
the cloud is producing the low LWC at this pres- 
sure. The points in the LWC curve follow the 
shape of the number density curve, and thus 
the sharp peaks result from the same problems 
which affect the number density data. 

Figure 8 presents a profile of the liquid water 
content throughout the boundary layer. The 
points on the graph represent the average LWC 
in each of the twenty minute legs. The liquid 
water contents in the cloud were generally equal 
to the adiabatic LWC, with a peak value of 0.38 
g-m -3 during leg 6 (947.7 mb). At the bottom of 
the cloud there is a peak of 0.30 g-m -3 but in the 
subcloud layer the LWC was near zero g-m -3 . 
The number density and mean radius profiles 
are shown in Figure 9. The maximum concen- 
trations occur in the top of the cloud, with val- 
ues up to 130 particles-cm -3 during leg 6. As 
reflected in the LWC data, the number density 
in leg 9 is extremely high. The presence of such 
numerous particles is puzzling. It is not certain 
whether these particles are real or a problem 
with the FSSP counts. 

Figure 10 shows a normalized droplet size dis- 
tribution during leg 1 at 994.3 mb, which is in 
the subcloud layer. A majority (65%) of the 
particles are smaller than 8 pm in diameter, 
which suggests they may be haze particles. The 
small particles, however, appear to be dominant 
not only in the sub-cloud layer, but also inside 
and above the cloud. 

5. Radiation Data 

Figure 11 shows the net near infrared and 
longwave radiative fluxes measured during leg 
1. Inside the cloud layer, from roughly 300 m 
to 600 m, the net longwave flux is nearly con- 
stant and approximately zero. At the top of the 
cloud layer there is strong longwave flux diver- 
gence, nearly -60 W m -2 . Inhomogeneties in 
the cloud structure produced variabilities in the 
net near IR flux inside the cloud. The variabil- 
ity is greatest near the top of the cloud deck, 
where the instrument platform passed through 
an uneven cloud top. Near the top of the cloud 
there is a convergence of shortwave radiation. 

Table 1 presents radiation statistics for legs 2, 
3 and 4 of the flight. Leg 2 (929 mb) and leg 3 
(935 mb) were taken above cloud top. In both 
cases the net longwave flux is high and the stan- 
dard deviation of measured down welling short- 
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wave flux is low. Leg 4 (942 mb) was taken 
just below cloud top. At this height the stan- 
dard deviation in downwelling shortwave flux is 
much higher than in the other legs and the net 
longwave flux is nearly zero. It should be noted 
that the total albedo above the cloud (at 929 
mb) is 71.0 %, while the near IR albedo is 67.5 
% and the visible albedo is 74.2 %. 
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Table 1 


Pres. 

mb 


RADIATION STATISTICS FOR DATA LEGS 2, 3 AND 4 


SW DN SW UP NIR NIR 
Wm~ 2 


SD 23.7 22.9 12.1 10.8 2.2 2.2 | 2.2 


Ave 711.0 519.2 344.0 241.0 73.1 70.1 


30.0 25.1 15.0 12.4 


Ave I 618.0 1 364.0 294.7 173.1 59.4 59.3 59.6 


9.2 8.8 9.5 


SW TOT 
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Wm~ 

LW 

NET 

2 
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-56.8 

14.4 

2.1 

191.8 
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TURBULENCE MEASUREMENTS USING TETHERED BALLOON INSTRUMENTATION 
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As part of the surface-based observations conducted on San 
Nicolas Island the U.K. Meteorological Office operated a set 
of turbulence probes attached to a balloon tether cable. 
Typically six probes were used, each capable of measuring 
momentum, heat and humidity fluxes. Two probes were fitted 
with net radiometers, one positioned above cloud and the other 
below; a third probe carried a Lyman-alpha hygrometer fitted 
with a pre-heater for the measurement of total water content. 

Some preliminary results will be presented from the 14th 
July describing the variation in structure of the cloudy 
boundary layer during the daytime. This day was characterised 
by a complete cloud cover, an inversion height of Si 600m. and 
north-westerly winds of - 6m. s. . As an illVistration the 
equivalent potential temperature derived from a profile ascent 
made between V 0830 and 0930 (PUT) is shown in figure 1 . The 
data has been smoothed to a height resolution of about 4 
metres. At this time the cloud base was « 200m. and very 
light drizzle was reaching the surface. In figure 2 are shown 
the vertical velocity variance and potential temperature flux 
for two periods; the first (shown by full lines) immediately 
follows the profile and the second (shown by dashed lines) is 
central around 1400 (PDT). The data have been normalised by 
their maximum values in the first period. Cloud base has now 
risen to si 300m. There is a marked variation during the 
morning, particularly in sigma w. The net radiative flux above 
cloud top has by now reached its maximum value. 
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INTRODUCTION 

During the months of June and July 1987 the Marine 
Stratocumulus Intensive Field Observation Experiment of FIRE was 
conducted in the Southern California offshore area in the 
vicinity of San Nicolas Island, The Naval Ocean Systems Center 
(NOSC) airborne platform was utilized during FIRE to investigate 
the upwind low level horizontal variability of the marine 
boundary layer structure to determine the representativeness of 
SN.I -based measurements to upwind open ocean conditions. The NOSC 
airborne meteorological platform made three flights during FIRE, 
two during clear sky conditions (19 & 23 July), and one during 
low stratus conditions (15 July). This paper addresses the 
boundary layer structure variations associated with the stratus 
clouds of 15 July 1987. 

The prescribed flight pattern for the NOS(J aircraft 
consisted of two upwind radial legs as shown in Figure 1. On 
each of the radials constant altitude flights were made at 
altitudes of 100ft and at 4000ft with spirals at each radial end 
point and midpoint. Parameters recorded by the NOSC aircraft 
included air temperature (AT) , relative humidity (RH) , sea 
surface temperatures (SST) , cloud top temperatures (CTT) , and 
aerosol extinction profiles. All flights were coordinated with 
the SNI ground based platforms and the NPS Research Vessel Point 
Sur to ensure simultaneous measurements. 


MEASUREMENTS 

Air temperature profiles taken at the four spirial locations 
(WP# 1-4 , Figure 1) are shown in Figure 2. The surface AT at SNI 
was lower than those measured upwind and did not increase 
linearly with upwind distance from SNI. Above 300m (within the 
haze/cloud layer) the AT at the island was bounded above and 
below by the upwind profiles. The inversion heights at all four 
locations were essentially the same. A sharper inversion did 
exist however at SNI. 

Profiles of relative humidity are shown in Figure 3. The 
highest surface RH existed at SNI (97%) with the minimum (90%) at 
WP#2. These corresponded to the lowest and highest AT 1 s 



respectively. Above 200m and below the stratus tops the SNI RH 
profile is bounded above and below by the upwind profiles. Just 
below the stratus tops the RHVs at all spiral locations were 
within a few percent of each other. 

Figure 4 shows the average weighted aerosol radius (RBAR) as 
a function of altitude for the aerosol profiles taken at each 
waypoint. At the surface the upwind RBAR values were between 0.3 
and 0.4 m while at SNI RBAR was an order of magnitude higher. 
Above 300m and below the stratus tops the SNI RBAR profile is 
bounded by upwind profiles. The corresponding extinction 
coefficients calculated using MIE theory (0.53 m) , Figure 5, 
shows a surface extinction coefficient at SNI to be one hundred 
times greater than that at the other upwind waypoints. This 
difference is strictly a SNI surface related phenomena since the 
RBAR versus altitude profiles show a rapid decrease in extinction 
with altitude. Within the stratus cloud deck (above 300m) the 
cloud aerosol extinction varied by as much as a factor of ten 
between waypoints. The variation was not necessarily in any wind 
related pattern. 

The total integrated optical depth for 0.53 m as a function 
of altitude is shown in Figure 6 for each waypoint. The higher 
optical depths occurred upwind of SNI at waypoints 3 and 4. At 
SNI where the surface aerosol extinction was the highest, the 
total optical depth was next to the lowest. The major 
contribution to the optical depth occurred within the top 100 
meters of the stratus deck. Aerosols below this height did 
contribute but not as significantly as did the stratus top. This 
is evidenced by \he slight increase in the optical depth at the 
bottom of the SNI profile which resulted from a large increase in 
the number of surface based aerosols (Figures 5 and 6) . 

Horizontal profiles of sea surface temperatures, example in 
Figures 7, showed a general trend toward warmer water upwind of 
SNI. Large fluctuations of SST's were superimposed on this 
general warming trend with scale sizes in the order of 5 to 10 
nmi . In general the sea surface temperatures were warmer than 
the air temperatures. 

Cloud top temperature profiles showed CTT 1 s decreasing 
upwind of SNI in contrast to the SST observations. This decrease 
in upwind CTT ' s was thought to be caused by vertical mixing (SST 
warmer than the AT) thus resulting upwind stratus tops being at a 
higher elevation. However, stratus tops were within 100ft over 
the entire flight pattern. 


CONCLUSIONS 

Profiles of AT and RH taken ’ at " and "upwind’ of SNI do show 
differences between the so called open ocean conditions and those 
taken near the island. However, the observed difference cannot 
be uniquely identified to island effects, especially since the 



upwind fluctuations of AT and RH bound the SNI measurements. 


Total optical depths measured at SNI do not appear to be 
greatly effected by any surface based aerosol effects created by 
the island and could therefore realistically represent open ocean 
conditions. However, if one were to use the SNI aerosol 
measurements to predict ship to ship EO propagation conditions, 
significant errors could be introduced due to the increased 
number of surface aerosols observed near SNI which may not and 
were not characteristic of open ocean conditions. 

Sea surface temperature measurements taken at the island 
will not in general represent those upwind open ocean conditions. 
Also, since CTT 1 s varied appreciably along the upwind radials, 
measurements of CTT over the island may not be representative of 
actual open ocean CTT's. 



SITE A 


..... wp #2 


— ~ WP #3 


WP #4 


Ui 

O 

3 

fc 

5 


1500 

1200 

900 

600 

300 



10 


15 


20 


25 


Figure 2. 


TEMPERATURE (° C) 

Air temperature profiles. 


30 
















EMPERA 













An Overview of UK C130 Observations from the FIRE Marine Stratocumulus 

IFO 
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An overview of the characteristics of the ten flights made by the C130 
during the IFO will be presented. An indication of data quality will 
be given. Comparisons of the COj, radiation thermometer and the 
Rosemount suggest there may be potentially serious wetting problems 
with the latter, especially close to cloud base. 

The main features of the cloud layers sampled by the C130 will be 
summarized, including microphysical parameters. Many of the results 
shown will be derived from a first order analysis of turbulence 
quantities. The gross vertical variation of heat, vapour and liquid 
water fluxes from case to case, together with the observed vertical 
velocity variance, a good indicator of convective activity, will be 
discussed. Preliminary results suggest that the different cases can be 
usefully categorized using these data. The relationship between these 
and the measured boundary conditions will also be mentioned. 

Similarities and differences between the various cases will be 
highlighted, and interpreted in terms of our current understanding of 
stratocumulus. Attention will be given to particular features of the 
various flights which may deserve more intensive study. 

The degree to which our present understanding can explain the observed 
features will be discussed and outstanding problems eg the inversion 
layer structure, spatial variability and broken cloud cases will be 
briefly addressed. 




BOUNDARY LAYER ROLL CIRCULATIONS DURING FIRE 


Hampton N. Shirer and Tracy Haack 
Department of Meteorology 
The Pennsylvania State University 
University Park, PA 16802 


The probable mechanisms underlying the development of boundary layer roll circulations 
are studied using wind and temperature profiles measured by the NCAR Electra during the 
stratocumulus phase of the FIRE experiment The expected, or preferred, roll orientations, 
horizontal wavelengths and propagation periods are determined by finding the minimum values 
of the dynamic and thermodynamic forcing parameters, which here are the eddy Reynolds 
number Re and moist Rayleigh number Ra^ These minimum values depend on the height zj of 

the capping temperature inversion and on the values of the Fourier coefficients of the 
background height-dependent vector wind profile. As input to our nonlinear spectral model, 
descent and ascent runs by the Electra provide good initial estimates of the inversion height and 
the wind profiles. In the first phase of the investigation presented here, a mechanism is said to 
be a probable contributor to the development of roll circulations within die stratocumul us-topped 
boundary layer if the modeled roll orientations and wavelengths agree with their observed 
values. 


Possible mechanisms for roll development are the well-known thermal and inflection 
point instability mechanisms (e.g. Brown, 15)80) and the recently identified shear instability 
mechanism of Haack-Hirschberg (1988). The first mechanism leads to thermal modes 
dominated by one wavenumber in the vertical, while the second two lead to dynamic modes 
requiring two wavenumbers in the vertical. Several low-order spectral models that are capable 
of accepting observed data for determination of the expected modes have been developed at 
Penn State; these include the pure thermal model of Shirer (1986), the pure inflection point 
model of Stensrud and Shirer (1988), and the mixed thermal/dynamic model of 
Haack-Hirschberg (1988). Linear analyses of the solutions to these models produce estimates of 
the preferred values of the orientation angles, horizontal wavelengths, and dimensionless 
frequencies for the above three modes, and these values can be readily compared with 
observations. 

Preliminary results using the 14-coefficient model of Haack-Hirschberg (1988) are 
discussed for the 7 July 1987 Electra Mission 188-A (Flight 5). This mission was flown across a 
sharp cloud boundary that was within a Landsat/SPOT scene (Kloesel et al., 1988). The 
stratocumulus deck was relatively solid in the eastern part of the scene, while there was a rapid 
decrease in cloud cover to scattered cumulus clouds aligned in streets to the west. These cloud 
streets were oriented nearly parallel to the mean wind direction in the layer, which was 

approximately 340°. The hypothesis that roll circulations occurred in both the relatively clear 
and the cloudy regions is investigated using as model input a descent profile obtained in the 
relatively clear air and an ascent profile obtained in the cloudy air. Initial results for the clear air 
case are that the pure inflection point mode is not possible and the pure thermal mode was 

oriented 35° to the right of the mean wind direction. The origin of this unacceptably large 
discrepancy between the observed and modeled results will be investigated further and the 
conclusions reported at the next FIRE workshop. 

The results for the cloudy case are more promising. In Fig.l are shown the measured 
cross-roll U*j and along-roll V^j wind components (jagged curves), together with the fit to the 
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data implied by the model representation (smooth curves). Clearly the limited resolution of the 
14-coefficient model is able to represent the observations rather well. As shown by the solid and 
dashed lines in Fig. 2, two thermal modes are possible in this case. The quadrilateral in Fig. 2 
encloses the estimated range of observed values of Re and Rag}, whore Re ■ IV(zt)Izx/(xv), 

Rag, = gzf^TAvKTooA IV(z T )l is the wind at the inversion base zj, v and k are the eddy 

viscosity and thermometric conductivity respectively, and AjjT is a combined measure of the sea 

surface/air temperature difference and the environmental lapse rate of equivalent potential 
temperature. The mode whose transition curve passes to the left of the estimated range of 

observed values for Ra,n and Re is associated with orientations that are 10° to the right of the 

mean wind direction (335°); this prefared orientation angle 0 p is 75° south of east, or -75°. The 
expected aspect ratio ap of 0.6 corresponds to a horizontal roll wavelength L * 2z-pfap of 

approximately 2500 m. This value of L is consistent with the wavelengths found from 
preliminary vertical velocity spectra for the horizontal flight leg between the descent and ascent 
profiles. Finally the dimensionless frequency 0)p of 31.7 corresponds to a propagation period of 

approximately 30 minutes. Thus, the model results suggest that a thermally driven roll 
circulation supported the stratocumulus clouds observed on 7 July 1987. 

Acknowledgments . Mark Laufersweiler helped us read the FIRE data tapes using a 
program written by Jeff Nucciarone, who also computed the preliminary vertical velocity 
spectra. The research reported here was partially supported by the National Science Foundation 
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N00001 4-86-K-06880. 
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Figure 1. Cross-roll U M and along-roll V M wind profiles (jagged curves) measured by the 
NCAR Electra in the stratocumulus region on 7 July 1987 (Flight 5) between 2154:43 
and 2156:49 UTC. The cross-roll, or x-, direction is 65° (~ENE), so that negative values 

correspond to winds having directions less than 335°. The representation of the data by 
the model is shown by the smooth curves. 
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Figure 2. Results from the model analysis. The solid and dashed lines denote the transition 
curves for the two thermal modes supported by the observed wind profile given in Fig. 1. 
The numbers next to these curves denote the preferred orientation angle Pp. the aspect 
ratio 3 p and the dimensionless frequency w p (in parentheses). The quadrilateral encloses 
the values of the moist Rayleigh number Ra m and Reynolds number Re that are estimated 

to characterize the observed stratocumulus regime. These vertices are given 
approximately by (Ra m ,Re) = (0,70); (10,70); (145,285); (5,285). Here z T «* 750 m and 

2 2 

v and K vary between 10 m /s and 50 m /s. 
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Winds and Turbulence above San Nicolas Island 
during FIRE 


Allen B. White . William J. Syrett, Christopher W. Fairall 

and Dennis W, Thomson 


Penn State University 
Department of Meteorology 
University Park, PA 16802 


Winds and turbulence above San Nicolas Island were continuously monitored 
during FIRE with a Doppler sodar (1600 Hz) and UHF (400 MHz) wind profiler. 
Individual profiles were logged from 1 through 19 Jul^ 1987 at 30 sec to 2 
min intervals; preliminary processing of hourly averaged winds from 100 to 
2300 m is complete. These wind profiles have been combined with intermittent 
radiosonde profiles to construct time-height sections of parameters such as 
the Richardson Number. Analysis now in progress includes interpretation of 
the sodar (Cf) and profiler (C§, Cq) reflectivity profiles, These profiles 
are being combined with radiometric and ce Home ter data for investigations of 
vertical transport and cloud base/top entrainment processes. Finally, by 
using the SNI data in conjunction with soundings made from the research 
vessel Pt. Sur, the relationship between changes in the SNI winds and 
mesoscale and synoptic-scale weather features is being investigated. 
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ER2-lidar measurements of stratocumulus cloud top structure on 

July 14, 1887 


Re inout Boers and Janes 0. Spinhirne 

NASA/Goddard Space Flight Center 
code 617 

Greenbel t # MD 20771 


On July 14, 1987 NASA's ERZ-high altitude aircraft flew a mission 
to measure the structure of stratocumulus clouds off the coast of 
California, A flight pattern was executed so that the 
two-dimensional variability of the clouds could be detected. 

The technique of analysis of the lidar data to measure cloud tops 
is as follows: First each signal is searched for its maximum in 
return strength. This maximum is caused by scattering of the 
laser light off cloud particles or from the ocean surface. Next 
the variance of the signal return above the level of maximum 
backscatter is determined. Cloud top is assigned to a level 
(above the level of maximum backscatter) where the backscatter 
exceeds the average variance. This two-step process is necessary 
because the level of maximum backscatter does not correspond to 
the cloud top. Ocean surface returns are easily separated from 
cloud returns in this process, descibed in detail by Boers, 
Spinhirne and Hart (1988). 

Analysis of the data so far has shown that there were very few 
breaks in the clouds. Furthermore the layer top lias very flat 
with local oscillations not exceeding 30 m. Such small cloud top 
variations are still well within the range of detectability, 
because the precision of our technique of cloud top detection has 
previously been established to be 13-15 m. Figure 1 shows a 
detailed linescan recording of the stratocumulus clouds, near one 
of the few breaks in the clouds. The small cloud top variability 
is evident, except near the break, where the sea surface return 
is also visible. The scale on the left is in km. The thick mark 
indicating the surface does not entirely correspond to the level 
of the surface return. This reflects the inaccuracies of 
determining the exact altitude based on the pressure-altitude 
seal e . 

This data is presently being analyzed to compute cloud top 
distributions and fractional cloudiness. The aim of this research 
is to relate the fractional cloudiness to the mean thermodynamic 
structure of the boundary layer. We plan to compute spectral 
scales of the cloud top variability in two dimensions to 
determine the orientation of the clouds with respect to the mean 
wind. Furthermore the lidar derived cloud top distribution will 
be used in the computation of the thermodynamic and radiation 
budget of the boundary layer. 

Reference: R. Boers, J , 0. Spinhirne and W.D.Hart , 1988: Lidar 
observations of the fine scale variability of marine 
stratocumulus clouds. J.Rppl. Meteor, 27, June. 




Figure 1. Linescan recording of backscatter profiles taken aboard 
the ER2 -aircraft on July 14, 1887. The ER2 was flying at a 
nominal altitude of 18 km- Both cloud and sea surface reflections 
are visible. Pressure altitude scale is offset with respect to 
the ocean surface level (visible from the surface signal return). 
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Dependence of Marine Stratocumulus 
Reflectivities on Liquid Water Paths 


J. A, Coaklev. Jr. 

National Center for Atmospheric Research 

J. B. Snider 
NOAA/ERL/WPL 


1, Introduction 

Simple parameterizations that relate cloud liquid water content to cloud reflectivity 
are often used in general circulation climate models to calculate the effect of clouds on the 
earth’s energy budget. Such parameterizations have been developed by Stephens (1978) 
and by Slingo and Schrecker (1982) and others. Here we seek to verify the parametric 
relationship through the use of simultaneous observations of cloud liquid water content 
and cloud reflectivity. The column amount of cloud liquid water was measured using a 
microwave radiometer on San Nicolas Island following techniques described by Hogg et al. 
(1983). Cloud reflectivity was obtained through spatial coherence analysis of AVHRR 
imagery data (Coakley and Beckner, 1988). We present the dependence of the observed 
reflectivity on the observed liquid water path. We also compare this empirical relationship 
with that proposed by Stephens (1978). 

2. Data Analysis 

Estimates of the column amount of cloud liquid water or the cloud liquid water 
path were obtained from microwave radiometry data taken continuously on San Nicolas 
Island July 3-18, 1987. The data was averaged and recorded at one minute intervals. The 
cloud liquid water path generally shows considerable fluctuation as is shown in Fig. 1 for 
July 3. To allow for this variability in comparing liquid water path to satellite observed 
reflectivity we have used the average of the liquid water path in the hour bin associated 
with the satellite overpass. On most of the days for which results are reported the satellite 
observations indicate mostly overcast conditions for San Nicolas Island and thus the average 
of the near simultaneous liquid water path observations is taken to be typical of overcast 
conditions at the time of the overpass. 

The reflectivities obtained from the 0.63 fim channels of the AVHRRs on NOAA-9 
and NOAA-10 were used to derive reflectivities representative of overcast conditions. The 
spatial coherence method was used to identify fields of view that were completely cloud 
covered by the marine stratus. Average reflectivities were calculated for overcast fields of 
view extracted from the (60 km) 2 subframes surrounding and including the island. These 
averages were taken to be representative of the clouds in the vicinity of the liquid path 
observations. Like the cloud liquid water path obtained from the microwave radiometer, the 
cloud reflectivity derived from the satellite radiances also exhibited considerable fluctuation 
at the (1 km) 2 resolution of the AVHRR. 
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Figure 1. Column amounts of cloud liquid water and water vapor as obtained from 
a microwave radiometer on San Nicolas bland, July 3, 1987. Time is UTC. 

3. Results 

Simple two-stream and Eddington approximations to the transfer of radiation in a 
conservatively scattering medium show that the reflectivity, R, is given by 

l(r,/x 0 )r/fio m 

l + 0{r t H>)r/po kl 

where, for clouds having moderate optical depths, 0{r,n o) is a slowly varying function of 
r and no (Stephens, 1978)*, r is the optical depth and no b the cosine of the solar zenith 
angle. Comparisons of the reflectivities given by (1) with those obtained through accurate 
numerical methods indicate that (1) provides a rather good approximation. Neglecting 

for the time being the dependence of optical depth on droplet size, we take the optical 
depth, r, to be linearly proportional to the cloud liquid water path, W. Thus, from the 
observations we expect to find the reflectivities and liquid water paths to be given by 

1/R=A + BnofW (2) 

Fig. 2 shows 1/ R as a function of no/W for the times of the satellite overpasses when clouds 

were present over San Nicolas. The observations follow the expected linear relationship 
reasonably well. A least squares fit gives A = 1.69 and B = 0.019 with W given in 
precipitable millimeters. 
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Figure 2. Reflectivities and cloud liquid water paths. The error bars on the reflec- 
tivities indicate the standard deviation of the reflectivities for overcast fields of view 
in the vicinity of San Nicolas Island. The dashed curve is a least squares fit to (2). 

Theory also indicates that the reflectivities observed from satellites should depend 
strongly on the sun-cloud-satellite geometry at the time of the observations. Attempts 
to correct for the anisotropy of the radiance field using the results of radiative trans- 
fer calculations for plane-parallel cloud models (Coakley and Kobayashi, 1088) produced 
considerable scatter about the linear relationship given by (2). As a result, the AVHRR 
data itself was used to determine the anisotropy of the reflected radiances. The observed 
anisotropy showed little if any distinct trends, and as a result corrections for the viewing 
geometry were deemed unnecessary for the current study. Finally, theory indicates that 
when the cloud is thin, reflection by the underlying surface can significantly alter the re- 
flectivities measured above the cloud. In the cases reported here, these corrections are 
small and thus also neglected. 

Fig. 3 shows a comparison of the observed reflectivities and those predicted by 
Stephens (1978) for the observed liquid water paths and the solar zenith angles at the time 
of the observations. While the reflectivities obtained from the parameterization correlate 
well with those observed, the paucity of points and the uncertainty in the calibration of 
the AVHRR prevent a critical assessment of the parameterization. 
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Figure 3. Observed and parameterized reflectivities. The parameterization is by 

Stephens (1978). The dashed curve is a least squares fit. 

4. Summary and Conclusions 

We have found that by taking clouds to be isotropic reflectors, the observed reflec- 
tivities and observed column amounts of cloud liquid water are related in a manner that is 
consistent with simple parameterizations often used in general circulation climate models 
to determine the effect of clouds on the earth’s radiation budget. Attempts to use the re- 
sults of radiative transfer calculations to correct for the anisotropy of the AVHRR derived 
reflectivities resulted in a greater scatter of the points about the relationship expected 
between liquid water path and reflectivity. The anisotropy of the observed reflectivities 
proved to be small, much smaller than indicated by theory. 

To critically assess parameterizations, more simultaneous observations of cloud liquid 
water and cloud reflectivities and better calibration of the AVHRR sensors are needed. 
More points for comparison will be obtained when data from PCDS for days not included 
in this study are analyzed. Better calibration of the AVHRR sensor might be afforded 
through simultaneous observations with the ERBE scanner on NOAA-IO when the ERBE 
data become available. 
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1 . Introduction 

This paper presents a preliminary analysis of some of the narrow band 
radiance data measured on the UK Meteorological Office’s Cl 30 aircraft during 
the marine stratocumulus intensive field observation of FIRE, San Diego 29 
June to 18 July 1987. The data are compared with Monte Carlo calculations of 
the reflectance and transmittance of the cloud based upon the observed droplet 
size distribution. The main scientific question being addressed is whether 
there is any evidence of anomalous absorption within the cloud which has been 
observed in similar measurements (Rozenberg et al 1974; Twomey and Cocks 1982; 
Foot 1988). The measurements also indicate the potential for remotely sensing 
cloud properties. 


2. Introduction 

A full description of the multi-channel radiometer (MCR) fitted to the 
Cl 30, its calibration and performance during FIRE ’87 is given by 
Barrowcliffe, Dewey and Foot (1988). The instrument is essentially the same 
as used on another aircraft and described by Doherty and Houghton (1984) and 
Foot (1988). Table 1 shows the filter fit of the visible and near infra-red 
channels (denoted by channel numbers Bl, B2, B3, B4, D1 , D2, D3 and D4), 
additionally there was an 11.0pm (Al) channel operative during FIRE. Channels 
with the same number (eg. B2 and D2) make simultaneous measurements. 


Table 1 Filter Characteristics 


No 

50% peak 

Transmission 

pm 

Gaseous 

absorption 

Refractive index: 
Liquid Water 

real imaginary 
Ice 

Bl 

0.534 

0.574 

0.3+ Rayleigh 

1.334 2 .0x10* 9 

1.310 

3. 1x10* 9 

B2 

2.240 

2.281 

Window 

1.290 3. 3x10* 4 

1.277 

2.0x10-4 

B3 

1.031 

1.052 

Window 

1.325 1.5x10* 6 

1.301 

2.7x10-6 

B4 

1.331 

1 . 354 

HzO edge 

1.320 2.0x10*5 

1.296 

1.5x10-5 

D1 

1.229 

1.256 

Window 

1.332 8.9x10*6 

1.297 

1.4x10-5 

D? 

1.994 

2.027 

COz 

1.304 1.1x10-3 

1.291 

1.6x10*3 

D3 

1.536 

1.562 

Window 

1.317 1 . 2x10" 4 

1.294 

5.8x10-4 

D4 

1 .838 

1.875 

HzO 

1.311 1.4x10-4 

1.292 

6.3x10-5 



The visible and near infra-red channels are calibrated in flight using a 
diffusing shutter to scatter sunlight into the instrument • Radiances are 
converted into normalised reflectances and transmittances on the basis that 
the observed layer in a perfect Lambertian diffuse reflector or transmitter, 
as was carried out in the earlier work, Foot (1988). Details of the 
atmospheric transmission for the Bl, B4 and D2 channels which are applied are 
given in Barrowclif fe, De^ oy and Foot (1988). The D4 channel being centrally 
placed in a water vapour band is strongly absorbed and produces no valuable 
information for FIRE. The estimated absolute accuracy of the reflectance or 
transmittance is 6% for the window channels and slightly poorer for the other 
channels. Some of the intercomparison data during FIRE between the MCR and 
the University of Washington’s C-131, radiometer (CAR) is being presented by 
King et al (1988) at this meeting. 

The other principal instrument used in this study is the PMS FSSP used to 
provide droplet size spectra on the level runs or profiles through the cloud. 


3. Data 

Details of the ClSO’s flight patterns during FIRE are given in FIRE 
Technical Report No 1 (Rloesei et al 1988). The flights were conducted over 
fixed ground patterns on either a fixed straight leg or an L pattern. Levels 
flown include runs just above the stratocumulus and beneath the main base 
providing vertical reflectance and transmittance of the cloud. Runs in cloud, 
particularly near cloud top, and prof iles through the cloud provide the 
droplet size distributions and liquid water contents. Although the MCR did 
take some measurements at angles other than the vertical, these are not 
treated in this paper. The normalised vertical reflectances and 
transmittances are denoted by the channel number, thus Bit is the reflectance 
of the cloud at 0.55um and DU is the transmittance of the cloud at a 
wavelength of 1.25Um. 


4 . Model 


A Monte Carlo model, as used in the earlier work, has been used to 
simulate the observations. Various simplifications have been made in this 
initial analysis which will be explored later in sensitivity studies. All 
these simplifications were found to be satisfactory in the earlier work 
although the cloud studied then was optically much thicker (t "48). The 
assumptions are:- 

( 1 ) The observed size distributions have been fitted to a single 
analytic expression which provides a reasonable fit to the observations 
allowing only one variable, the effective radius, r e . Mie calculations 
have been performed on this analytic function. 

(2) The observed variation of r e with height in the cloud is ignored. A 
value appropriate to the top quarter (where most of the liquid water is 
present) is used for the whole cloud. 

(3) The optical depth, x , is assumed to be identical for all the 
channels. 
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Resul t s 


Figure 1 shows the variation of the average reflectance of three cloud 
layers plotted against the absorption coefficient of liquid water. The 
examples shown have similar reflectances at 0.55 pm, a similar solar zenith 
angle but different values of re near cloud top. The reflectance is mainly 
constant where the absorption of water is <10 2 m* 1 f the variation may not be 
significant bearing in mind the absolute accuracy is G%. The reflectance 
decreases where water is a stronger absorber and is lower for the cloud with 
larger droplets. 

It is instructive to study the individual synchronised measurements, ie 
Dl/Bl, D2/B2 and D3/B3, .rather than averaged data over a cloud with variable 
optical depth. Plots of reflectance (and transmi ttance ) ratios of D/B have 
been made against the reflectance (or transmittance) B. An example is shown 
in Figure 2. This run was over a very variable cloud which gradually became 
thicker at one end; the maximum optical depth is estimated to be 24, As B3t 
increases, ie the optical depth increases, so the ratio D31/B3* has decreased 
because of increased absorption. This result is unlike the earlier work Foot 
(1988) where the optical depth was very high but there was considerable 
variation in a single run in the ratio which could be attributed to variation 
in re or variation in cloud top structure. 

Variation between the ratio plots using Dl/Bl, where absorption is weak, 
for different flight occasions is small. Small changes could result from 
variations in the daily amounts of ozone and particle above the cloud. 
Variation in the ratio plots for D2/B2 and D3/B3 are however larger and seem 
correlated with the value of re. Both the observations and calculations 
suggest that variation in solar zenith angle between 10 to 30° do not 
significantly change these plots. 

Figure 3 and 4 show the D3/B3 ratio plots for the reflectance and 
transmittance of the cloud. The lines are best fits to individual values as 
(Figure 2). There is clearly a separation w T ith occasion with large re showing 
the strongest absorption. The points plotted are a first attempt to model the 
variations: two optical depths and four values of re having been used. The 
variations on a single day in the observations are consistent wdth variation 
in optical depth without any change in effective radius. The data from flight 
H804 seems to substantiate this in that the variation of re near cloud top 
between the thicker and thinner ends of the layer was small. The agreement 
between the observations and calculations for both transmission and reflection 
tend to indicate that the measurements show stronger absorption than the 
calculated values, particularly for the largest re value. Further work is 
needed to quantify any disagreement. 

Figure 5 show’s the reflectance ratio at the other pair of channels D21/B21 
for the same clouds as Figure 3 and 4. These separate out in a similar way. 
The two flights with similar r e values show similar behaviour in Figure 4 and 
5 but the reflectance data in Figure 3 do show a systematic difference, 

6. Discussion 

The data and method of presentation discussed here clearly separates out 
clouds in terms of the size of the cloud droplets. All of the daytime 0130 
FIRE flights have been studied and are consistent with the data presented in 
this short paper. There appears to be no peculiarities that might arise, for 
example if pollution were to be a significant factor in determining cloud 



absorption. Variation in the inferred size parameters, r e , along runs are 
also very small; this is unlike previous results Foot (1988) and Twomey and 
Cocks (1982). Further calculations and sensitivity studies are required 
before we can confidently state whether or not the observations presented here 
are consistent with our model. 

As well as this narrow band work there are also broad band observations 
which we are just starting to interpret. There is also a limited amount of 
data on the optical properties of cloud water and interstitial aerosol 
collected during FIRE: a report on this will be issued soon. 

Attendants at the FSET meeting wishing further details may request 
information through Mr R Barlow, UK Met Office who is attending this meeting. 
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Figure 1 

Average Vertical Reflectance of three cloud layers as a function of cloud 
water absorption. 


(Lines are drawn to join points for the same flight excluding the B4 channel 
because of the extra uncertainty of calculating the atmospheric transmission 
in the water vapour band.) 
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1. Introduction 

The FIRE marine stratocumulus IFO 
held in July, 1987 produced a data set that 
is far more comprehensive than data sets 
from previous stratocumulus experiments. 
One exciting new development was the use 
of the 10.6/xm lidar system for cloud-top 
mapping that was available on the NCAR 
Electra. This system provided a unique look 
at the small scales of the turbulence in the 
clouds, images of the turbulent structures 
that are quantitatively revealed by condi- 
tional sampling (e.g., Khalsa and Greenhut, 
1987). 

The behavior of these updrafts and 
downdrafts is central to the dynamics of the 
stratocumulus-topped marine boundary 
layer. FIRE’s objectives of understanding 
cloud dynamics and how they affect the 
cloud optical depth ~ which, in turn, is the 
crucial factor in determining the clouds* 
albedo — therefore require the investigation 
of these drafts. This poster discusses initial 
results from a simple model capable of simu- 
lating moist, entraining plumes that are sub- 
ject to water phase changes and radiative 
heating and cooling. The results discussed 
here are limited to plumes that are not 
affected by condensation and evaporation 
but are subject to radiative heating and 
cooling. These results correspond, therefore, 
to the "dry cloud" case discussed by Lilly 
and Schubert (1980). The model’s simpli- 
city limits the realism of the results ~ the 
plumes are assumed not to interact, for 
example ~ but the role of radiative processes 


in influencing the plume dynamics is clear. 
Also revealed is the role the plumes play in 
maintaining the cloud-top inversion. 

This poster abstract presents the model 
equations and methodology used, and 
discusses qualitative results. 

2. Model 

The plume model discussed here is 
based on the work of Telford (1966, 1972) 
and is basically a simplification of the model 
discussed by Chai and Telford (1983). The 
main simplification in the present work con- 
cerns the neglect of downdrafts that are 
explicitly associated with the modeled 
updrafts. In the Telford (1972) model of a 
field of convective plumes, updrafts are sur- 
rounded by downward (compensating) flow; 
here, drafts are completely independent. 

In the complete model, the physical 
processes of the drafts include adiabatic 
expansion, lateral entrainment, buoyant 
acceleration (due to virtual temperature per- 
turbations induced by boundary conditions, 
condensation and radiative heating) and 
parameterized friction. The heating from 
condensation is the most non-intuitive 
aspect of the model equations, and this is 
discussed in detail by Chai (1978) and more 
briefly in Chai and Telford (1983). Here, it 
is ignored. 

Dependent variables in the model are 
the plume radius r, vertical velocity to, rms 
turbulent velocity », total density p, and 
water content p w . Because condensation is 
neglected here, the equation for the conser- 
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vation of water is not needed, and therefore 
the four equations represent conservation of 
volume, mass, (vertical) momentum and 
turbulence kinetic energy. Each plume is 
assumed to be in a steady state, and there- 
fore these dependent variables are functions 
of height z. Boundary conditions are 
applied at the surface or at the inversion, for 
updrafts and downdrafts, respectively. The 
plumes are embedded in an environment 
specified by mean temperature profiles T(z) 
which, hydrostatically, determines the pres- 
sure distribution p(z ); pressure perturba- 
tions associated with the plumes are ignored. 

The system of equations for the dependent 
variables is first order and highly non-linear; 
it is solved numerically using a Runge-Kutta 
procedure. 

The equations can be written as 

L (r)-f- - F(r) . (l) 

where 

r(z) 

w(z) 

r « s ,( 2 ) • l 2 > 

Assuming a quiescent (non-turbulent) 
environment and using T(z) and p(z) to cal- 
culate an environmental density profile ~p(z) 
allows the right-hand side of (l) and the 
nonlinear operator L to be written as 

2 A» + ( 1 - k) wr 2 p~ 1 dp / dz 
2\tpw + rg(p-p) - rw 2 p 
2\ip + r'p 

2Aijj|^K>-«i7) 2 +* 2 J - ri 2 'p- A / 2 pi s 




2w r 0 0 

2 w 2 p 2rwp rw 2 0 

2 wp rp rw 0 

2wpi 2 rpi 2 r 2 wi 2 r 2 wp 

The environmental vertical velocity w 
can be deduced from the continuity equa- 
tion, provided the area of the affected 
environment is specified. Here, it is assumed 
to be so much larger that the plume that w 
-> 0. The parameter A is an entrainment 
coefficient (~0.08, according to Telford, 
1966), and A is a dissipation coefficient, 
taken to be equal to unity, k is the ratio of 
the gas constant to the specific heat at con- 
stant pressure. The non-adiabatic sources of 
mass are denoted by p. 

In principle, the solution to (1) is given 
simply by 

2 

r(*) = f L -1 Fdz; (5) 

Zq 

since | L | = 2 r 4 w 4 p, the problem is well- 
posed except for plumes of vanishing radius 
or density, or plumes that stop. Accord- 
ingly, given an environmental temperature 
profile and boundary conditions, the system 
(l) can be integrated until the vertical velo- 
city vanishes, at which point, to cite an 
example in physical terms, an updraft either 
disappears or becomes a downdraft. 

In practice, integration of (l) must be 
accomplished numerically because of the 
nonlinearity of F and L. This is simplified 
by defining a density perturbation (which is 
also a temperature perturbation, due to the 
hydrostatic assumption and neglect of pres- 
sure perturbations within the plume) 

6 ee (p/p - l) = (T/T-l), (6) 

where T is the plume temperature. Defining 
an entrainment (inverse) length scale 
2Ai 

A = (1+6); a static stability 

rtu 
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S = (g/c p +dT/dz)/T\ and the parameters 
0 = gS/w 2 and a = -(1 -K.)p~ l dp/dz, where 
g and e p are gravitational acceleration and 
the specific heat of air at constant pressure, 
respectively; and the appropriate heating 
rate Q (this is discussed further below), the 
equations take the form 


ildU 

dz 

dw _ 

dz 

dz 


[-A + /?] w ; 

-A 6 - (5 - Q/w){ 1 + 6) ; 


(7a) 

(7b) 

(7c) 


dU 2 ) 

dz 




rw 


(7d) 


The parameter a acts as an adiabatic expan- 
sion term, and 0 represents a sort of Ber- 
noulli effect, through which accelerating 
plumes become smaller. The heating Q is 
related to the radiative flux divergence by 


Q 


1 ad 

~pc p T dz 


( 8 ) 


In deriving (7c), it has been assumed that 
the radiative heating is horizontally homo- 
geneous, a reasonable first-orcer approxima- 
tion for stratocumulus clouds. In the case of 
isolated cumulus, this is clearly invalid, and 
future work with stratocumulus convection 
will also use differential heating rates. It is 
important to stress that radiative heating 
has a distinct influence on the plume’s per- 
turbation temperature (and therefore its 
dynamics, through the coupled system) even 
though the heating rates are assumed to be 
horizontally homogeneous. The results dis- 
cussed in this poster use radiative fluxes cal- 
culated with the parameterizations 
developed by Hanson and Derr (1987). 
Various assumptions about the (implicit) 
cloud liquid water and solar zenith are used 


to investigate the sensitivity of plumes to 
the heating. 

S. Discussion 

The main purpose of this abstract is to 
present the equations of the plume model 
and briefly to discuss the model’s behavior 
in qualitative terms. Numerical solutions 
will be presented on the poster itself. Even 
without integrating the set of equations (7), 
however, it is possible to infer several 
aspects of the model’s behavior from the 
governing equations. 

Note, first, that, with the exception of 
the term -(S-Q/w) on the right-hand-side 
of (7c), the equations are homogenous and, 
further, take the general form 

= F(f) , (9a) 

where f and F are analogous to T and F in 
(2) and (3). This suggests, in cases of neu- 
tral stability* with no heating, that small 
departures from boundary conditions can by 
deduced analytically with 

f(*) = f 0 exp[-F 0 (2-2 0 )J , (9b) 

where ( ) 0 is a boundary value. For realis- 
tic plumes, | 6\ «1 and | u?| <«, and w and 6 
can take both positive and negative values. 
The behavior of the solutions (9b) can then 
be classified entirely according to the ener- 
getics of the plume in question. Energy- 
producing plumes "" that is, direct circula- 
tions ~ behave identically, be they (warm) 
updrafts or (cold) downdrafts. Similarly, 
energy consuming plumes {indirect circula- 
tions) exhibit the same symmetry. 

The behavior of a warm updraft that 
encounters an abrupt increase in stability is 
also apparent from Eqs. (7). The term 
-5(1 +s5) on the right-hand-side of (7c) will 
immediately cause the temperature pertur- 
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bation to decrease, eventually to become 
negative. When this happens, changes 
sign and the plume decelerates and widens 
[see (7a) and (7b)]. The point at which 
w -> 0 signals the termination of the integra- 
tion. 

Note also that the effect of radiative 
cooling on updrafts will be exacerbated 
tremendously by this behavior within an 
inversion. As the plume slows, the term 
Q/w in (7c) will become disproportionately 
large and will apply positive feedback to the 
the deceleration. The role of radiative cool- 
ing in decelerating updrafts in the presence 
of clouds may thus explain the relatively 
sharper inversion structure observed atop 
the cloud-topped boundary layer when com- 
pared to the un-cloudy boundary layer. In 
the latter case, updrafts are slowed by lack 
of positive buoyancy, and this causes them 
to spread out and stop. In the cloud- topped 
case, the radiative cooling |icts as a braking 
mechanism for the updrafts, stopping them 
nearer the inversion base. The net effect of 
this on many plumes is a thinner inversion 
layer. 

Finally, it can be seen that, in cool 
downdrafts, this behavior works in the oppo- 
site sense, to accelerate the downdraft, but 
with negative feedback. This suggests that, 
near the cloud top, at least, the role of ener- 
getic downdrafts should be much stronger in 
stratocumulus than in the clear boundary 
layer. It also suggests that solar heating will 
affect the different drafts in quite different 
fashions. It is this assymetry of updrafts 
and downdrafts of the same sense of circula- 
tion (i.e., both direct) in the presence of 
radiative heating that causes the dynamics 
of stratocumulus convection to differ so 
dramatically from the clear boundary layer 
heated from below. Further discussion, with 
quantitative results of the cases discussed 
here, will be included on the poster. 


Acknowledgements: The research leading to this con- 
tribution is supported by the Office of Naval 

Research, Marine Meteorology Program Contract No. 

N000-14-84-K-0405 and by the National Aeronautics 

and Space Administration, Langley Research Center 

Contract No. NAG- 1-651. 

REFERENCES 

Chai, S.K. 1978: Lowering stratus cloud in surface 
driven convection over the sea. Ph.D. Disserta- 
tion, University of Nevada, Reno, 146pp. 

Chai, S.K. and J.W. Telford, 1983: Convection model 
for stratus cloud over a warm water surface. 
Boundary- Layer Meteor., 26, 25-49. 

Hanson, H.P., and V.E. Derr, 1987: Parameterization 
of radiative flux profiles within layer clouds. J. 
Climate Appl. Meteor., 26, 1511-1521. 

Khalsa, S.J.S., and G,K, Greenhut, 1987: Convective 
elements in the marine atmospheric boundary 
layer. Part II: Entrainment at the capping 

inversion. J. Climate Appl. Meteor., 26, 824- 
836. 

Lilly, D.K., and W.H., Schubert, 1980: The effects of 
radiative cooling in a cloud-topped mixed layer. 
J. Atmos. Sci., 37, 482-487. 

Telford, J.W., 1966: The convective mechanism in 
clear air. J. Atmos. Sci., 23, 652-666. 

Telford, J.W., 1972: Convective plumes in a convec- 
tive field. J. Atmos . Sci., 27, 347-358. 


396 



N91-10527 


FIRE EXTENDED TIME/LIMITED AREA OBSERVATIONS 
AT PALISADES, NEW YORK 


Day i d A Bfi b inson. 

Department of Geography 
Rutgers, The State University 
New Brunswick, NJ 08903 


George Kukla and Alan Frei 

Lamont-Doherty Geological Observatory of Columbia University 
Palisades, NY 10964 


Downwelling shortwave and longwave irradiation are being continuously monitored at 
Palisades, New York as part of the First International Satellite Cloud Climatology Project 
(ISCCP) Regional Experiment (FIRE) Extended Time/Limited Area initiative. In addition, 
fisheye (180°) sky photographs are taken at the times of NOAA 9 and Landsat satellite 
overpasses on select days, particularly when cirrus clouds are present. 

Measurements of incoming shortwave (0.28-2. 80pm) hemispheric and diffuse, 
hemispheric near infrared (0.7-2. 80pm) and downwelling hemispheric infrared (4.0- 
50.0pm) irradiation have been made from a rooftop location on the grounds of the Lamont- 
Doherty Geological Observatory since December 1986. The three Eppley Precision Spectral 
Pyranometers and the Eppley Pyrgeometer used to measure these variables were calibrated 
with Colorado State University instruments at Madison, Wisconsin as part of the FIRE Intensive 
Field Observations project in October 1986. They were recently recalibrated by the Eppley 
Laboratory. Pyrgeometer output contains an adjustment for body temperature but not for dome 
temperature. Data are transmitted to a Campbell CR-21 Digital Recorder, where one minute 
averages of ten second samples are stored and subsequently dumped to a cassette recorder. Using 
a Campbell C-20 Cassette Interfabe, these data are transferred to an Apple Macintosh computer 
for analysis and for archiving on floppy disks. 

In addition to the raw irradiances collected, variables derived from these data are generated 
and stored. These include: 1) the ratio of near infrared irradiation to visible irradiation and 

2) the fraction of the full shortwave irradiation which is diffuse; and will soon include: 

3) shortwave (sw) transmissivity (equation 1) and 4) optical depth in the shortwave 
(equation 2). 

transmissivity = sw irradiation at the surface ( 1 ) 

incoming sw at top of atmosphere 

optical depth = cos zenith angle In top of atmosphere insolation ( 2 ) 

sw irradiation - sw diffuse irradiation 

Sky photographs are taken with an Olympus OM2-N 35mm camera and are timed to be 
coincident with overpassing NOAA 9 and Landsat satellites. Palisades is within the field of view 
of the NOAA 9 daily in the middle to late afternoon. The satellite viewing angle is within 45° of 
nadir over Palisades on approximately half of the passes. 

Graphs showing measurements of irradiances and several of the derived products are shown 
in figure 1 for November 24, 1987. Cirrus of varying thickness was present throughout the 
day. Excluding the 16:30-18:30 GMT interval, this is indicated by the rough nature of the 



temporal march of irradiation, yet its relatively high values, from the relatively low infrared 
irradiation, from the high near infrared to visible ratio and from the shortwave diffuse ranging 
between approximately 0.2 to 0.7. Clouds were lower and thicker during the mid-day period 
(1 6:30-1 8:30), as seen by rises in the shortwave diffuse and the downwelling infrared. The 
lack of a noticeable decrease in the near infrared to visible ratio and the continued presence of 
10-20% direct radiation indicates that these clouds were not opaque. Compare this to a thicker 
stratus event at approximately 20:10, when the near infrared to visible ratio fell significantly. 
This thick patch of stratus apparently covered only a small region near the sun, as some direct 
radiation, or at least radiation close to the sun's direct beam continued to be recorded. 


Figure 1 a-d. Irradiances and associated atmospheric variables on November 24, 1987 at 
Palisades, New York. Time is GMT, which is local time plus 5 hours. Local noon is at 
1 6:45. See the text for a description of sky conditions. 
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Details of conditions for 30 minutes on either side of the NOAA 9 overpass on the 24th are 
shown in figure 2. The satellite image was taken with cirrus over the station and in the 
direction of the sun. About ten minutes after the overpass, the previously discussed thick 
stratus passed in front of the sun. At this point, in a late-afternoon situation such as this, one 
would expect the shortwave signal to decrease and the infrared to remain relatively stable at 
first and later increase as the cloud passed from west to east over the station. In this case, 
however, the shortwave and infrared decreased simultaneously. This suggests that the 
approximate 1 0 W/m 2 decrease in the infrared w«s the result of dome cooling in the absence of 
direct shortwave insolation. Also, the lack of an increase in the infrared to values greater than 
those preceding its decrease suggests that either: a) this cloud never passed directly over the 
station or b) if the cloud passed overhead it had a high base. This situation is indicative of the 
difficulties inherent in looking at station records in detail with respect to both time and absolute 
irradiances. 


















Analysis of the Palisades data has only recently begun. Among the tasks to be performed 
include: 

1 ) Expansion of the efforts to recognize cirrus from non-cirrus clouds and clear skies 
using irradiation data. This was begun with data gathered at Wausau, Wisconsin during the FIRE 
Cirrus Intensive Field Observations project (cf. Robinson and Frei, this volume). 

2 ) A study of cloud space/time statistical structures. 

3 ) Comparison of surface observations of shortwave irradiance taken at satellite overpass 
times to surface irradiances derived from satellite data. 

4 ) Validation of ISCCP satellite cloud retrieval techniques. 


Acknowledgment: This work is supported by NASA grant NAG-1-653. 
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MEASUREMENTS OF THE LIGHT- ABSORBING MATERIAL INSIDE CLOUD DROPLETS 
AND ITS EFFECT ON CLOUD ALBEDO 

C. H.Twohv *» 3 . A. D. Clarke 2 , S. G.Warren 1 , L. F. Radke*, and R. J. Charlson 1 


The question of how aerosol pollutants affect the radiative properties of clouds was posed by 
Twomey [1977], who pointed out that aerosols have two competing effects: they increase the 
number of particles which might act as cloud condensation nuclei (CCN), but also include materials 
such as elemental carbon (EC) which are essentially black to solar radiation. Elevated levels of 
CCN, assumed to result in greater numbers of smaller droplets, would lead to brighter, more 
reflective clouds, while enhanced absorption due to carbon particles could potentially make clouds 
darker. Based on the global distribution of cloud cover and absorption measurements which 
Twomey et al. [1984] used in a later paper, the overall climatic effect of increasing pollution over 
time was shown by their model to be cooling, of the same order of magnitude as predicted warming 
from the greenhouse effect of CO 2 alone. 

Cloud absorptance values measured directly by aircraft [Reynolds et al., 1975; Stephens et al., 
1978] are frequently much higher than those which are theoretically calculated from measured 
microphysical parameters. One possible explanation of this phenomenon is absorption of radiation 
by aerosol particles within the cloud. In a comparison of measured and computed reflectance spectra 
at various wavelengths, Twomey and Cocks [1982] concluded that this process could not be the 
major explanation since the observed enhanced absorption predominated not at visible wavelengths, 
but in the near infrared where absorption by particles should be negligible relative to that by liquid 
water and ice. 

Most of the measurements of light-absorbing aerosol particles made previously have been in 
non-cloudy air and therefore provide no insight into aerosol effects on cloud properties. In this 
paper, we describe an experiment designed to measure light absorption exclusively due to 
substances inside cloud droplets, compare the results to related light absorption measurements, and 
evaluate possible effects on the albedo of clouds. The results of this study validate those of 
Twomey and Cocks and show that the measured levels of light-absorbing material are negligible for 
the radiative properties of realistic clouds. 

Elemental carbon (EC) is the most efficient light-absorbing material present in the atmosphere, 
and except in unusual cases absorption by aerosols is dominated by elemental carbon [Rosen et al., 
1978; Heintzenberg, 1982; Clarke and Charlson, 1985]. It is possible for hydrophobic carbon 
particles to obtain a hygroscopic coating and be incorporated into clouds by nucleation scavenging. 
Measurement of EC in cloud droplets, however, is problematic due to the difficulty in collecting 
cloud droplets separately from interstitial aerosol particles and the tendency of EC to stick to surfaces 
of collection vessels [Ogren, 1983]. In addition, identification of EC requires relatively long 
sampling times in many environments. In order to eliminate the First difficulties, cloud droplets 
were sampled in this experiment with a counterflow virtual impactor (CVI), a probe which by 
inertial impaction collects only droplets above a certain minimum radius while effectively rejecting 
interstitial aerosol particles [Ogren et al., 1985; Noone et al., 1988]. The CVI evaporates droplets 
(leaving the non-volatile aerosol residue) before they touch any surface, minimizing sample 
contamination and loss of carbon particles to the walls of the sampler. The long sampling time 
requirement was avoided through the use of a very sensitive technique for measuring the absorption 
of light by the droplet residue particles. The "Integrating Sandwich Method" [Clarke, 1982], 
enhances light absorption by particles in the sample by confining them between two highly reflecting 
surfaces. 


1 Department of Atmospheric Sciences, University of Washington, Seattle, Washington 98195. 
^Hawaii Institute of Geophysics, University of Hawaii, Honolulu, Hawaii 96822. 

^Currently at National Center for Atmospheric Research, Boulder, Colorado 80307-3000. 


PRECEDING PAGE BLANK NOT FILMED 


403 



Cloud droplets were sampled by the CVI on the University of Washington's C- 131 aircraft in 
the FIRE project off the Southern California coast in June and July, 1987. Droplets above five pm 
(calculated cut radius) were collected on five different days for light absorption analysis of the 
droplet residue particles, which were impacted onto Nuclepore polycarbonate filters. The C-131 
typically flew at cloud base, above the cloud, or inside the cloud for periods of twenty to thirty 
minutes at an airspeed of 80-85 meters s'* with occasional shallow descents or ascents through the 
stratus deck. Sampling times in cloud ranged from 22 to 143 minutes, resulting in collection of 
droplets from about 3-20 cubic meters of cloudy air. 

Absorption coefficients representing the absorption per unit length of droplet-laden air were 
calculated directly from the amount of light absorption by the filter sample and the sample volume of 
air. Model trajectories [Kloesel et al., 1988] revealed that air reaching the 925 mb level had been 
located west, northwest, or north of the project area on the days prior to the flights, and windspeeds 
were highly variable. Examination of the droplet size spectrum measured by the Forward Scattering 
Spectrometer Probe (FSSP) on the aircraft indicated that some occasions, the air appeared to be of 
marine origin but many times the spectra showed continental influence. Four of the measured 
absorption coefficients for the droplet residue ranged from 6 to 20x10'^ m" *, while one (from July 
7, 1987) exhibited much less absorption. The absorption coefficients were generally higher than 
those measured in aerosol at remote locations such as Mauna Loa Observatory [Clarke and 
Charlson, 1985] and the South Pole [Clarke et al., in preparation], and fell within the range 
measured at Hurricane Ridge on the western coast of Washington State IClarke, 1982]. They were, 
however, much lower than those typical of extremely polluted air at industrially influenced locations 
like St. Louis, Missouri (Weiss, 1980]. 

The mass concentration of elemental carbon inside the droplets was estimated from the measured 
absoiption coefficients and the liquid water content, with the assumption that all absorption was due 
to elemental carbon with a mass absorption coefficient of 10 m^ g'*. Resulting concentrations of 
EC in cloud water were 23-79 ng EC g'* for four of the five cases. These values were comparable 
with those measured in rainwater [Ogren, 1983] at Seattle, Washington and at less polluted sites in 
Sweden. Samples of interstitial particles were also taken during the project, but were analyzed for 
light absorption by a less sensitive method, and all were below the detection limit. From these 
results an absolute upper bound on the concentration of interstitial elemental carbon (1EC) was 
established for each flight. 

The maximum possible effect of the measured EC on cloud albedo was determined by 
calculating albedo at wavelength 0.475 |lm where liquid water has its weakest absorption [Hale and 
Querry, 1973], by using the largest measured in-cloud EC concentrations, and by assessing the 
effect upon an optically "semi-infinite" cloud. In another scenario but still at the most sensitive 
wavelength, the effect of EC on the albedo of a more realistic (thinner) cloud was evaluated, The 
surface-area-weighted or "effective" mean radius [Hansen and Travis, 1974], r e ff, which determines 

the effect of the droplet size distribution on the single-scattering albedo, to, was calculated and 
averaged for each sampling period from the FSSP data, and the Mie program of Wiscombe ( 1980] 

was used to obtain values for to, asymmetry factor, and extinction efficiency. 

Figures 1 and 2 show the calculated effect of elemental carbon on the albedo of clouds with 

different r e ff values. Figure 1 applies to a semi-infinite cloud (optical thickness x* = °°) with the 
shaded area representing the range of EC concentrations under consideration, explained in more 
detail in the figure caption. Curved lines show the effect of different r e ff values on albedo, with a 
greater albedo reduction resulting when EC is present in larger droplets. If an r e ff of 10 pm 
(slightly larger than the ones calculated) is assumed, the change in the albedo of this semi-infinite 
cloud due to the carbon concentrations considered ranges from -0.014 to -0.029. EC has less effect 
on albedo as optical thickness decreases, and Figure 2 shows the results for a more realistic cloud 

with x* = 30. (The calculated optical thicknesses of the FIRE clouds during the five sampling 
periods were all smaller than 30, so their albedos should be slightly less affected.) Assuming the 
same r e ff and range of EC concenUations as before, the reduction in albedo in this case is only 
0.001 even under the most stringent circumstances. Due to the higher absorption of water at 



wavelengths other than 0.475 pm, reduction in spectrally-averaged albedos will be approximately 
half as large as those presented here. 

We have found, therefore, that for the measured clouds which appear to have been 
moderately polluted, the amount of EC present was insufficient to affect albedo. Much higher 
contaminant levels or much larger droplets than those measured would be necessary to significantly 
alter the radiative properties. The effect of the concentrations of EC actually measured on the albedo 
of snow, however, would be much more pronounced since in contrast to clouds, snowpacks are 
usually optically semi-infinite and have large particle sizes. 
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Figure 1. The effect of different concentrations of elemental carbon (EC) on the albedo of 
a semi-infinite cloud (optical thickness = <x>) at X - 0.475 jim, with curved lines 
representing different values of effective droplet radii in jam. The shaded area represents 
the range of concentrations under consideration: from 1.6x10'? which assumes the only 
EC in the cloud is the maximum amount measured inside droplets, tc 5.9x10'? which 
includes the maximum possible value for interstitial carbon as well. Since calculations 
modeled EC as an external mixture, the inside-droplet value was doubled to account for the 
enhanced absorption of EC inside water droplets [Chylek, 1983; Bohren, 1983]. 
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Figure 2. Same as Figure 1 except with a more realistic optical thickness of 30. 
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Preliminary Results of Radiation Measurements 
from the Marine Stratus FIRE Experiment 

Francisco P. J. Valero, Philip D. Hammer , Thomas P. Ackerman , 
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During the marine stratocuiauius phase of the First International 
Satellite Cloud Climatology Regional Experiment (FIRE) in July 1987, we 
acquired radiative flux data from a variety of instruments which we flew on 
the NASA ER-2 high altitude aircraft. The spectral coverage ranged from the 
near UV to beyond 40 microns. In this paper we present a survey and selected 
preliminary analyses of these measurements. 

The specific instruments used in the experiment were chosen primarily for 
measuring quantities of specific interest for marine stratocumulus fields. 
However, testing and evaluation of instrumentation and techniques to be used 
in the future inland cirrus experiment was also an important consideration. 
Details of the instruments and the significance of what they measure are given 
below. 

A pair of multichannel narrow spectral band detectors spanning the near 
UV to near IR were mounted on the ER-2 fusilage, one each on top and bottom. 
'Each covered a hemispherical field of view. Specific band center wavelengths 
were 380, 412, 500, 675, 778, 862, and 1064 nrn with a typical bandwidth of 10 
nm ( FWHM) . The measurements of interest are the reflected solar fluxes, from 
which spectral albedo values may be determined. 

A pair of selectable solar spectral band detectors (0,2 to 3.5 or 0,6 to 
3.5 micron) covering the upper and lower hemispheres were also mounted on the 
fusilage. Although the interpretation of these measurements is complicated by 
the absorption of atmospheric molecules, a rough estimate of the solar IR 
albedo of the cloud field may be obtained from the upwelling flux 
measurements. The flux results may be used together with the broad band IR 
flux measurements described below to determine thermal IR fluxes. 

A two channel narrow spectral band and narrow field of view detector was 
contained in a pod mounted on the fusilage. Both elements detect upwelling 
radiation within a conical field half-angle of about 15 degrees. A liquid 
nitrogen cooled zero-radiation reference is an integral part of this detector 
and serves to eliminate systematic measurement errors in absolute flux 
determinations. One channel with a 9.90 - 10.87 micron bandwidth was designed 
to lie within an atmospheric transmission window. The second channel with a 
6.14 - 7.14 micron bandwidth covers a strong water vibrational band. Because 
of the low altitudes at which marine stratus cloud fields reside it is 
expected that Interpretation of the 6 micron channel measurements will be very 
difficult due to intervening water vapor absorption. However, under the 
proper circumstances , the 10 micron channel measurements may be used to 
estimate optical depths in this region of the spectra. The primary use of the 
6 micron data will be as an indicator of higher altitude clouds. 

A rotating platform on the wing of the ER-2 allows for 2 selectable 
detectors. The platform periodically rotates 180 degrees in flight so that 
each detector alternately measures upwelling and downwelling flux. This 
serves to eliminate systematic measurement errors in absolute net flux 
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determinations. For the majority of the flights, two hemispherical field of 
view detectors were used, one with a solar spectral bandwidth like that 
described above (0.6 to 3.5 microns) and the other with a broadband spectral 
sensitivity ranging from about 0.6 to beyond 40 microns. The system is 
designed to yield accurate net flux measurements for the solar and terestrlal 
thermal spectral regions. Although analysis with respect to the marine 
stratus cloud fields is expected to have problems similar to those discussed 
above, it is of interest to constrast these results with those of the FIRE 
cirrus measurements of October 1986. The high altidutes at which the cirrus 
clouds resided substantially reduced the problems of interference from 
intervening molecular gasses. 

The data are presented in the light of the above instrumental 
considerations. Where appropriate, comparisons are made to FIRE cirrus 
resul ts. 



Third Generation Earth Radiation Budget Measurements; 

ERBE in the Context of Earlier Systems 

Thomas H. Vonder Haar 

Cooperative Institute for Research in the Atmosphere 
Colorado State University 
Fort Collins, Colorado 80523 

The Earth Radiation Budget Experiment observations are just becoming available for scientific 
use. These represent the third generation of measurements with steadily improving accuracy and 
resolution. Beginning in the 1960s observations by spherical detectors established the mean albedo 
of the earth near 30% in substantial variance from presatellite estimates. The Nimbus 6 and 7 wide 
field of view ERB measurements represent a long-term climatology of measurements at 1000 km 
resolution. The ERBE measurements introduce higher accuracy and higher space and time 
resolution result 

Comparisons will be presented of several April ERB measurements to illustrate what this 
improvement in resolution and accuracy can yield. Simultaneous ERBE and Nimbus 7 
measurements for April 1985 show nearly identical results on the large scale. Comparison of 
measurements of direct solar energy from ERBE, Solar Max Mission and Nimbus 7 suggest a 
"solar constant" value of 1368 w/m^ for the 1979-1986 period. The long-term record of earth 
radiation budget (Aprils from 1976-1985) over large regions is shown to have interannual variation 
of ± 20-30 w/m^. The new ERBE data will allow this climate record measurement to continue. 


For presentation at 
FIRE Science Team Meeting 
Vail, Colorado 
July 11-15, 1988 



Figure 1. Zonal means of ERBS , NOAA 9 and Nimbus 7 
April, 1985 emitted exitance. The Nimbus 7 data has 
been deconvolved using the spherical harmonic 
approach. 
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Figure 2, Map of the difference between combined 
NOAA 9-fr- ERBS and Nimbus 7 emitted exitance. The 
ERBE data was filtered to the same spherical 
harmonic resolution as the Nimbus 7 data, order 15 
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Figure 3. Time series for different regions of the 
emitted exitance. Included are A/16, A/ll, 4/78 
from Nimbus 6, A/19 and 4/80 from the old Nimbus 7 
analysis scheme and 4/81, A/82, 4/83, 4/84, 4/85 
from the new Nimbus 7 analysis. The symbols N (NOAA 
9) and B (NOAA 9, ERBS) represent the monthly means 
for ERBE. 
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Figure 4. (after Mercherikunnel , Kyle and the Nimbus-7 ERB Experiment Team, 1988) 






SAN NICOLAS ISLAND SURFACE RADIATION-METEOROLOGY DATA 

by 

Christopher M. Johnson-Pasqua 
and 

Stephen K. Cox 

Department of Atmospheric Science 
Colorado State University 
Fort Collins, CO 80523 


The following is a summary of the surface data collected by CSU on San Nicolas Island 
during the FIRE experiment from 30 June (Julian Day 181) through 19 July (Julian Day 
200). The data are available in two formats; hard copy graphs, and processed data on floppy 
disk. 


Table 1. Instrumentation Specifications 


Instrument 

Serial 

Number 

Dome 

Type 

Measurement 

Region 

Pyranometer 

21568F3 

WG7 

.3 to 2.8 pm 

Pyranometer 

21570F3 

RG8 

.7 to 2.8 pm 

Pyrgeometer 

25690F3 

silicon 

4 to 50 fm i 

Dome Thermistor 



-10 C to +50 C 

Sink Thermistor 



-10 C to +50 C 

Air Temperature 



-33 C to +48 C 

Relative Humidity 



12% to 100% 

Wind Speed 



0 to 60 Meters/sec 

Wind Direction 



0 to 356 Deg 


RESEARCH SPONSORED BY: 
ONR No. N00014-87-K-0228 
and NASA No. NAG 1-554 





Figure 1: Map of San Nicolas Island, California. The island is approximately 16 km long 
and 5 km wide. The radiation /meteorological station was deployed at the calibration site 
(DSP site D) on the west side of Laser Bay. The station was 38 meters above sea level on 
a ridge approximately 400 meters South East of the Penn State surface instrumentation. 


Figure 2: Schematic Diagram of Radiation /Meteorological station used on San Nicolas 
Island. 
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FOUR DAY DATA SAMPLE 


FIRE - SHI - SURFACE WIND DATA 
JD 186 - JULY 5.1987 



TIME (HOURS - GMT) 

WIND SPEED WIND DIRECTION 


FIRE - SNI - AIR TEMP & RELATIVE HUMIDITY 
JD 186 - JULY 5,1987 



FIRE - SNI - DOWNWELLING SURFACE RADIATION 



RELATIVE HUMIDITY (PERCENT) WIND DIRECTION (DEGREES) 







IR RADIANCE (WATTS PER METER SQUARED) air TEMPERATURE (DEGREES CELSIUS) 


ORE - SNI - SURFACE WIND DATA 
JO 188 - JULY 7,1 987 



WIND SPEED — WIND DIRECTION — 

FIRE - SNI - AIR TEMP & RELATIVE HUMIDITY 
JD 188 - JULY 7,1 987 



AIR TEMPERATURE— RELATIVE HUMIDITY — 


FIRE - SNI - DOWNWELUNG SURFACE RADIATION 
JD 188 - JULY 7.1987 



0*3 to 2.8 um 


4 to 50 urn 


RELATIVE HUMIDITY (PERCENT) W1ND DIRECTION (DECREES) 
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Comparison and Calibration of NCAR Electra Instruments: 
July 5 and July 7, 1987 

Philip H. Austin 1 and Reinout Boers 2 

ICode 613 and 2 Code 617 
Nasa Goddard Space Flight Center 
Greenbelt, MD 20771 


Measurements of temperature, water vapor, cloud liquid water, and lidar cloud height taken 
by the NCAR Electra are analyzed for two days of the FIRE stratocumulus field program. 
Examination of instrument time series, correlations between sensors, soundings through the layer 
and lidar measurements of cloud base height are used to correct sensor offset problems, check for 
probe wetting, and choose the most accurate measurements of temperature, humidity, and cloud 
liquid water. 

1) Temperature and Humidity 

Three instruments measured water vapor concentration: the top and bottom Cambridge 
dewpoint thermometers (DPTC and DPBC) and the Lyman-a hygrometer. (RHOL A). Both of the 
Cambridge mirrored dewpoint instruments displayed the 0.33 Hz oscillations and lagged response 
typical of these sensors (Boers and Betts, 1988). We applied a simple three point running mean 
filter to the measurements and introduced a 2 second delay, which brings both dewpoint probes 
into qualitative agreement with the Lyman-a hygrometer. 

A grouped comparison of the two dewpoint thermometers, the Lyman-a hygrometer and the 
four temperature sensors (fast response (ATKP), reverse flow (ATRF), Rosemount (ATB), and 
radiometric (PRT6)) can be done when the aircraft is in solid cloud. Cloud penetrations were 
examined for both July 5 and July 7, and a typical segment is shown in Figure 1. The 10 Hz 
measurement of droplet number concentration given by the Forward Scattering Spectrometer Probe 
(FSSP) is > 10 cm*3 throughout this section, indicating that the air is close to saturation on 10 
meter length scales. The range of readings from the different thermometers, their relative values 
with respect to one another, and the tendency of the each of the dew point sensors to pair with a 
different thermometer (DPTC with ATKP and DPBC with ATRF) are typical of cloud penetrations 
on both July 5 and July 7. The fast response and top dewpoint thermometers are 1 K warmer than 
the reverse flow and bottom dewpoint thermometers, with the Rosemount probe in between the 
two extremes. Out of cloud the temperature measured by the reverse flow sensor warms relative to 
the other instruments, indicating wetting problems. On some cloud penetrations the temperature of 
the fast response probe also appears to be affected by wetting, as is the output of the Lyman-a 
hygrometer. The radiometric thermometer (PRT6) gives a 1 K higher temperature reading and is 
not affected by cloud water, but the air volume measured by the PRT6 depends on the optical 
thickness of the surrounding cloud. 



For purposes of comparison in Figure 1 the Lyman-a absolute humidity measurement is 
converted into a saturation vapor pressure using the fast response temperature. The vapor pressure 
is then inverted to find the dewpoint using an approximation from Bolton (1980). As Figure 1 
shows, the humidity value given by the Lyman-a instrument is consistently 1 K higher than that 
given by either dewpoint thermometer. The difference is equivalent to an approximately 1 g nr 3 
offset in the water vapor measurement between the Lyman-a and the dewpoint temperature probes. 

An independent check on the absolute accuracy of these divergent temperature measurements 
can be made using the lidar measurement of cloud base height. The lifting condensation level of 
sub-cloud air was computed for all pairs of vapor and temperature measurements for the sub-cloud 
flight legs on the July 5 case, which had a well-mixed boundary layer. Figure 2 shows the cloud 
base heights above the aircraft determined in this way for three of the instrument pairs as well as 
the lidar measurement of cloud base height. The best agreement with the lidar-determined cloud 
base is consistently given by the fast response thermometer (ATKP) and the top dewpoint sensor 
(DPTC), indicating that the bottom dewpoint sensor, the Rosemount thermometer, the reverse flow 
thermometer and the Lyman-a hygrometer have offset problems that will have to corrected before 
use. 


2) Liquid water 

Vertical profiles of the two analog liquid water probes, the King and the Johnson-Williams 
(JW), show pressure dependent zero offsets on both July 5 and July 7. At cloud level the zero 
offsets range from 0.04 - 0.08 g kg' 1 (JW) and 0.05 - 0.10 g kg' 1 (King). When these offsets are 
removed the maximum cloud liquid water content measured by the two sensors agrees within 20% 
on 10 of the 15 penetrations examined on the two days. On July 7 the liquid water content 
measured by the FSSP agrees to within 20% with the measurements of both the JW and King 
probes, but on July 5 it underestimates the cloud liquid water by a factor of 3-5. 

3) Work in progress 

Further studies are underway to determine the sensitivity of the temperature and water probes 
to the rapid ascents and descents through the cloud layer ("dolphin" flight legs), to compare 
conditional sampling of updrafts and downdrafts using cloud droplet concentrations, parcel 
temperature, and ozone content, and to calculate boundary layer mixing lines using ozone 
concentration as well as conservative thermodynamic tracers. 

References: 

Bolton, David, 1980: 'The computation of equivalent potential temperature'. Mon. Wea. Rev., 
108, 1046-1053. 

Boers, R. and A.K. Betts, 1988: 'Saturation point structure of marine stratocumulus clouds'. J. 
Atmos. Sci., 45, 1156-1175. 



distance from aircraft to cloudbase (m) 
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Figure 1: One miniute of in-cloud data (July 7, beginning at 20:16 Z) showing temperature measurements from (a) 
Rose mount, (b) reverse flow, (c) fast response, (d) lop Cambridge dewpoint, (e) bottom Cambridge dewpoint, (f) Barnes 
PRT-6, (g) Lyman-a hygrometer (see teat) 


horizontal distance (km) 



Figure 2: One minute of sub-cloud data (July 5, beginning at 18:1 1 Z) showing distance from aircraft to cloud base 
measured by (a) lidar, and computed assuming a well-mixed layer using measurements from (b) Rosemount and top 
Cambridge dewpoint thermometer, (c) fast response and top Cambridge dewpoint thermometer, (d) fast response and 
bottom Cambridge dewpoint thermometer. 
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Thermodynamic structure of the stratocumulus-copped boundary 
layer on 7 July, 1987 

Reinout Boers 1 , Alan K. Betts" and Phil ip H- Bust in* 

NBSB/Goddard Space Flight Center 
•code 617 
*code 613 

Breenbelt, Maryland 20771 
and 

"R02, Box 3300, Middl ebury , VT 05753 

1. Introduct ion. 

As part of project FIRE a mission uas carried out on 7 July 1987 
to study the thermodynamic structure of a boundary layer which is 
in transition from a clear to a cloudy state. The NCRR-Eiectra 
flew a pattern in tight coordination with the NASA-ER2 aircraft 
near 122 West, 31.6 North off the coast of California. The 
preprocessing of this data is discussed elsewhere in this 
conference (Austin and Boers), so we will confine ourselves to a 
description of the thermodynamic structure. Our purpose is to 
derive the entrainment rate and the fluxes of the thermodynamic 
variables- To this end we will represent the data in conserved 
variable diagrams. 

2. Mean structure. 

Examination of Landsat and Mul t ispectral Cloud Radiometer data 
revealed that the area was at the edge of a large cloud deck with 
the boundary stretching out from northeast to southwest near the 
122 longitude line. Based on lidar cloud top measurements and 
observers notes it was determined that the cloud boundary drifted 
towards the east. It was therefore decided to divide the main 
east-west flight legs into three regions drifting with the speed 
of this boundary in order to derive meaningful statistics for 
this transition. The region towards the west was covered by small 
cumulus clouds, the middle was covered by broken stratocumulus , 
while the region towards the east was entirely cloudy. Ue will 
call these regions SM , BR, and SC ( for SMal 1 cumulus, BRoken 
stratocumulus, and StratoCumulus ). Mean boundary layer wind 
speeds were out of the northwest at 14 m/s and shifting towards 
the west in region SC. Above the boundary layer winds shifted 
towards the north in region SM, while in region SC it remained 
constant with height. Figure 1 shows the average potential 
temperature and dewpoint profile for each of the three regions, 
from west to east the boundary layer dries, cools and rises. The 
atmosphere aloft in region SM contains almost the same amount of 
moisture as the the boundary layer, but is separated from it by a 
very dry layer. This dry layer has a relatively high ozone 
content and may originate from upper tropospheric levels. In 
region SC the moist layer above the boundary layer is entirely 
absent . 



3- Conserved variable structure 


In this section ue examine the thermodynamic structure in terms 
of total uater content and saturation potential temperature. 

These thermodynamic variables are conserved under adiabatic 
translation. Mixing of air parcels and/or layers occurs along 
straight lines on diagrams uhich have these variables as their 
axes. Processing of the raw temperature and deupoint measurements 
was similar to that of Boers and Betts <1988). We show the 
pressure-averaged (S hPa interval bins) mixing diagrams in Figure 
2. It appears from these diagrams that the air above the boundary 
layer has a different origin in the SM region than in the SC 
region. This is further supported by the strong shear in mean 
horizontal wind at the top of the boundary layer in the SM region 
uhich is absent in the SC region. 

We computed the parameter dp*/dp, where p is pressure and p* the 
saturation pressure. This parameter reflects the degree of 
mixing of the boundary layer. If dp*/dp « 0.0 then the layer is 
uell-mixed. For dp*/dp > 0.0 the layer is considered partly mixed 
uith gradients in the extensively conserved variables. For this 
case study ue found dp*/dp =0.3 for the strat ocumulus regime. 

For the subcloud layer in the broken and small cumulus regime 
dp*/dp decreased to 0.24. In the cloud layer in the SM and BR 
region dp*/dp - 1.9, 1.5 respectively. 

4. Discussion and outline of further uork . 

Analysis of the data so far indicates that the thermodynamic 
structure of the louer troposhere changes dramat ical 1 y from west 
to east < from shallow cumulus to broken strat ocumulus to 
stratocumulus ). In addition to variability in temperature, 
moisture and mixing line structure in the louest 250 hPa of the 
atmosphere there appears to be a gradient in sea surface 
temperature uith the colder temperatures towards the east. This 
colder uater has the effect of retarding the breakup of the 
clouds from the west. 

Ue intend to perform an analysis of the thermodynamic budget for 
the three different sections, so that entrainment and vertical 
flux structure can be computed for this case study. 

Reference: R. Boers and B.K. Betts, 1988: Saturation point 
structure of marine stratocumulus clouds, J . Htmos . Sci . , 45, 
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Figure l . Saturation Level potential temperature versus total 
water content, pressure averaged, for the three sections. The top 
diagram represents region Sri, the middle BR , and the bottom SC. 



Aircraft/Island/Ship/Satellite Intercomparison: 
Preliminary Results from July 16, 1987 


Howard P. Hanson OV Ken Davidson(2), Herman Gerber(3), Siri Jodha 
Singh Khalsa(I), Kevin A. Kloesel(4), Ronald Schwiesow(5), Jack B. 
Snider(6), Bruce M. Wieucki(7), Donald P. Wylie(8) 


1. Introduction 

The FIRE objective of validating and improving satellite algorithms for inferring 
cloud properties from satellite radiances was one of the central motivating factors in 
the design of the specific field experimental strategies used in the July, 1987 marine 
stratocumulus IFO. The in situ measuring platforms were deployed to take maximum 
advantage of redundant measurements (for interccmparison of the in situ sensors) and 
to provide optimal coverage within satellite images. One of the most ambitious of 
these strategies was the attempt to coordinate measurements from San Nicolas Island 
(NSI), the R/V Pt. Sur, the meteorological aircraft, and the satellites. For the most 
part, this attempt was frustrated by flight restrictions in the vicinity of NSI. The excep- 
tion was the mission of July 16, 1987, which achieved remarkable success in the coor- 
dination of the platforms. This talk concerns operations conducted by the NCAR Elec- 
tra and how data from the Electra can be integrated with and compared to data from 
the Pt. Sur , NSI and the satellites. The focus will be on the large-scale, integrated pic- 
ture of the conditions on July 16 from the perspective of the Electra’s flight operations. 

2. Electra operations 

The NCAR Electra departed NASNI at 1600Z on 16 July for a planned 5-hour 
mission in the vicinity of NSI. The flight plan involved a ferry to NSI, descent to 50 
m and a 50 m turbulence leg toward the Pt. Sur , located approximately 50 km to the 
WNW (Fig. 1). This was to have been followed by other legs between NSI and the Pt. 
Sur and then a series of legs (nearly) perpendicular to this track. Because of dense 
clouds near NSI, and the possibility of a very low ceiling in the vicinity of NSI’s 
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terrain, the first leg toward the Pt. Sur was made at 4600 m for lidar mapping pur- 
poses. A descent was made at the Pt. Sur's location, the ship was located, and subse- 
quent runs were made according to the original plan. Table I (adapted from the Sum- 
mary of Operations and Synoptic Conditions [FIRE Technical Report No. 1] by 
Kloesel et at.) summarizes the various data legs of the mission; the start and end 
points refer to those on Fig. 1, 



Fig. 1 FIRE-87 IFO, 16 July operations. Shown are the operations areas of the BMO C-130 and the 
NCAR Eleclra (among the labeled points). Also shown are the location of the Pt. Sur and the area of 
the LANDS AT scene taken at 180 1Z. 


The large box in Fig. 1 shows the location of the LANDSAT scene that was 
taken at 1800Z, when the Electra was in the latter stages of a LIDAR run at 1525 m, 
near point E. Also shown in Fig. 1 is the location of the operating area of the BMO 
C-130 during approximately the same time period. In Table 1, the "Porpoise" leg con- 
sisted of a sine- wave-like track in the vertical plane with an amplitude of about 150 m, 
through the cloud top. This was performed for the purpose of obtaining repeated 
measurements of the inversion strength. 




NCAR ELECTRA FLIGHT SUMMARY 
16 JULY 1987 


Leg Type 

Altitude 

M 

Start 
Time (Z) 

End 

Time (Z) 

Track 

(Start-End) 

LIDAR 

1400 

1625 

1645 

A-C 

Sounding 

1400-48 

1645 

1655 

C-C 

Turbulence 

48 

1855 

1701 

C-A 

Sounding 

Cloud 

1704 

1717 

A-A 

Turbulence 

040 

1717 

1724 

A-C 

Sounding 

Cloud 

1724 

1756 

C-C 

LIDAR 

1370 

1756 

1741 

C-A 

LIDAR 

1570 

1746 

1749 

A-B 

LIDAR 

1870 

1750 

1755 

B-D 

LIDAR 

1525 

1758 

1804 

D-E 

Porpoise 

Cloud 

1804 

1817 

E-D 

Turbulence 

610 

1819 

1829 

D-E 

Turbulence 

490 

1851 

1840 

E-D 

Sounding 

410-46 

1840 

1844 

D-D 

Turbulence 

46 

1844 

1855 

D-E 

Turbulence 

91 

1855 

1900 

E-B 

Sounding 

91-1615 

1900 

1911 

B-B 

LIDAR 

1585 

1911 

1914 

B-C 

Sounding 

1585-46 

1914 

1922 

C-C 

Turbulence 

91 

1950 

1940 

C-A* 

Sounding 

91-1525 

1945 

1951 

A-A 


* Pt. Sur had departed; 8 minutes spent searching, spotting whales and tuna boats. 


3. Other data sets 
NSI operations 

Operations at NSI consisted of two flights of the NRL balloon, five rawinsondes 
(two of which, at 1600 and 1004Z, are directly relevant to the Electra operations), and 
the continuous operation of the PSU acoustic and microwave systems, the ERL 
microwave radiometer, the NPS tower system and the CSU ground station. 

Pt. Sur operations 

The Pt. Sur was on station at C until approximately 1900Z. Turbulence measure- 
ments were made at the 10-m level, and several radiosondes were released during the 
time that the Electra was in the vicinity. 

Remote sensing 

In addition to the LANDSAT image mentioned above (the coverage of which is 
indicated in Fig. 1), the NASA ER-2 flew over the operations area early in the 
Electra’s mission. GOES data, of course, is available nearly continuously. There was 
a NOAA-10 overpass at 1648Z. 



Synoptic conditions 

The ideal scenario for this mission would have been well-established north- 
westerly flow; in this case, the soundings made from the Pt. Sur and NSI would have 
provided an indication of the advective terms in the thermodynamic and dynamic 
budgets. However, the winds were relatively light, although generally in the appropri- 
ate direction. The cloud structure was quite complex, with multiple layers and breaks 
during some of the flight legs. Early in the Electra’s mision, precipitation was 
observed. 

4. Discussion 

The amount of data available for this multiple-platform comparison is daunting, 
and combining the various data sets into a single coherent picture may not be possible. 
However, various subsets will lend themselves to valuable intercomparison studies, of 
relevance both to the FIRE objectives as well as to other scientific issues concerned 
more with details of stratocumulus convection than satellite validation. 

An example of the former includes comparisons of the cloud physics data from 
the PMS probes obtained during the in-cloud legs with the LIDAR data obtained along 
the same track (albeit earlier); both of these can be compared to the TMS data from 
the ER-2 and to the LANDSAT data. The vertical profiles of liquid water obtained by 
the NRL balloon can be compared to the time series of total integrated liquid water 
from the ERL microwave radiometer; these, in turn provide the downstream anchor of 
the Electra’s operations area and the Electra data can be used to infer the cloud micro- 
physical properties of the air passingover the Island. Combining the ascents from the 
Pt. Sur and NSI will allow a cross section to be constructed (which the Electra data 
can fill in) that can be compared to the continuous time series obtained by the acoustic 
sounder and the profiles on the Island. 

Various aspects of these intercomparisons will be discussed in the talk. 

Acknowledgments: The research discussed here was supported by the various agencies involved in 
FIRE; listing them, let alone the individual contracts and grants, would require more space than is rea- 
sonably available. Suffice it to say that we are all grateful for our sources of support and that, without 
them, none of this work would have been possible. 
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The co-ordinated LAND S AT-air c r af t mission flown on 16 July to the W of 
San Nicolas Is shows a number of interesting features. There is 
considerable structure in the Band 4 (0.76-0.90pra) reflectance on km 
to 10km scales in otherwise complete cloud cover. 

In extremely light winds, the C130 performed a series of runs 
throughout the boundary layer and above for a period of approximately 
90 mins on either side of the LANDSAT overpass time. Because of the 
light winds, the same features can be recognized on the various 
aircraft penetrations and composited. Futhermore, the accurate 
renavigation of the aircraft positions enables these to be 
unambiguously related to the features seen on the LANDSAT image. 

Early indications suggest that the reflectance features are related to 
local thickenings on the cloud layer, associated with slightly deeper 
convection rising into the overlying stratiform deck. If this is true, 
then LANDSAT images could possibly be used to remotely infer aspects 
of the convective regime within the boundary layer. 

In addition, the LANDSAT images also display a quasi-finear feature 
extending for some 50km, although only a km or so wide. This feature 
was, in fact photographed from the C130 flying just above cloud top 
and termed a 'cloud-cliff*. It is clearly a rapid and sizeable local 
change in cloud top height and is therefore presumably a propagating 
feature. An explanation is still outstanding, but it appears to 
resemble an undular bore. Further descriptions of this unexpected 
feature, and its possible origin will be discussed. 
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